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bridged compounds 57 (Fig. 3). 

Protonations of the docosahedral salts 2 in the mole ratio 2:1 (car- 
byne:acid) yield the products 58 {36), which are similar but not directly 
analogous to the complexes 56. Thus the X-ray-determined structure of the 

4 The term hyper-closo (56) has been invoked to described polyhedral structures with n 
vertices but having fewer than the n + 1 skeletal electron pairs demanded by skeletal electron 
pair theory. For a 12-vertex icosahedral structure the availability of 12 rather than 13 electron 
pairs causes a distortion of the cage, as observed for the compounds 56. The tungsten vertex 
associated with the C 2 B 9 H 8 (CH2C e H 4 Me-4)Me2 cage and its associated ligand set would 
contribute three orbitals and zero electrons for cluster bonding (W(0) d 6 ]. An alternative view 
(57) is to define such structures as iso-closo, suggesting that the electron deficiency in the core 
is relieved by donation of an additional electron pair from the metal valence shell [W(II) d 4 ], 
with the metal employing four orbitals rather than three for cluster bonding. However, 
theoretical treatment has favored the hyper-closo interpretation (58). 
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Fig. 3. Structure of the anion of salt 57a. 



anion of 58c (Fig. 4) shows two 13-vertex metallacarbaborane cages linked 
both by a metal-metal double bond and by a B-H—*M 3c-2e interaction. 
The second cage again bears a BCH 2 R fragment, while the metal-metal 
bond is spanned by the n-o,rf- ketenyl ligand. However, the already 
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Fig. 4. Structure of the anion of salt 58c. 


strained 13-vertex cage system is apparently unable to adopt a hyper-closo 
configuration, and a third carbonyl ligand is retained to donate the re¬ 
quired electron pair to the cluster. This necessitates a transfer of the ketenyl 
ligand such that in the solid state it becomes cr-bonded to the metal vertex 
of the cage bearing the BCH 2 R substituent and r/ 2 -bonded to the metal 
vertex of the cage involved in the B-H—'"M interaction. However, NMR 
and IR spectroscopy firmly indicate that solutions of the salts 58 in organic 
solvents adopt the alternative p-t] 1 bonding mode in which the ketenyl 
oxygen atom carries a formal positive charge. Unlike the related species 56, 
the salt 58a may be protonated slowly to yield the /r-alkyne compound 59. 
The hydroxy-alkyne ligand in this molecule adopts a relatively rare asym¬ 
metric bonding mode in which the C-C bond is twisted with respect to the 
metal-metal vector (59). 

The mechanism for formation of these ketenyl complexes is subject to 
speculation, presently based on the observation that PMe 3 , a strong nu- 


• CMe 
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cleophile, reacts rapidly with la at — 30°C to produce the ketenyl complex 
60a (54) or with lm at room temperature to yield 60b (33). This reaction is 
also well known for the cyclopentadienyl complexes 4 (60). The proposed 
route for syntheses of the complexes 56 and 57 is shown in Scheme 14. 
Thus a dimetal intermediate A, with a bridging alkylidene group and a 
terminal ketenyl ligand, might be produced by attack of the carbene-metal 
complex, initially formed by protonation, on the unreacted carbyne re¬ 
agent 1. Insertion of the carbene group into a B-H bond as commonly 
observed would allow the ketenyl ligand to bridge the M-M vector (B), 
whereupon B-H—-M formation with concomitant elimination of CO 
would yield complex 56, with further elimination of CO subsequently 
producing 57. 

A critical stage of this pathway is the cage distortion from B, in which 
both cages are closo, but one metal formally has only 16 valence electrons. 
Intermediate C contains one hyper-closo cage, both metals thus attaining a 
formal 18-electron valence shell by effectively delocalizing the electron- 
pair deficiency throughout this cage. The docosahedral cage system present 
in anions of the salts 2 cannot undergo such a distortion and so must find 



Scheme 14. 


i - c 6 h 4 m<m, Me 



Interplay of Alkylidyne and Carbaborane Ligands 


171 


an alternative means of alleviating electron shortage in the pathway to the 
products 58. Such a means is proposed in Scheme 15, starting from an 
intermediate B' which may be formed in a manner directly analogous to 
that of the aforementioned species B of Scheme 14. Formation of a B- 
H—■-W bridge would achieve 18-valence-electron configurations at both 
metal centers in D but apparently imposes sufficient driving force, pre¬ 
sumed to be sterically based, for the ketenyl ligand to rotate across to the 
other metal center, perhaps in the manner shown. The two different bond¬ 
ing modes of ketenyl groups in the intermediates in Schemes 14 and 15 
have ample precedent in other dimetal complexes (60-62). Furthermore, 
the n-o,t] 2 bonding mode adopted by 58c in the solid state is readily 
transformed to the fi-t] 1 conformation (D') in solution as previously men¬ 
tioned. 





© B 

R C 6 H 4 Me-4, Me 
Scheme IS. 
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Protonations of the alkylidyne-metal complexes 1-4 involving half 
molar equivalents of HBF 4 -Et 2 0 thus follow essentially two pathways, 
leading to the fi -alkyne complexes 53 and 55 (Scheme 13) or the ketenyl 
complexes 56 and 58 (Schemes 14 and 15). The former pathway involves 
addition of an initially formed alkylidene-metal complex across the 
M==C bond of the related alkylidyne species. The latter involves nucleo¬ 
philic attack of the alkylidene-metal complex upon the metal center in the 
unreacted alkylidyne reagent. This subtle difference appears to be key to 
the sharply contrasting nature of the products obtained from these reac¬ 
tions. The reasons for the distinction between these reactivity patterns are 
not clear; however, the former (Scheme 13) is favored by those 
alkylidyne-metal species bearing cyclopentadienyl or j/ s -C 2 B 9 H„ ligands. 
These groups thus appear to have similar electronic properties, which are 
distinct from those of the alkylidyne(carbaborane)metal reagents contain¬ 
ing MC 2 B,H,Me 2 or MC 2 B 10 polyhedra. Further inferences about the 
relative electronic effects within these compounds are restricted by the fact 
that the alkylidene- and alkylidyne-metal species reacting in the critical 
stage of these pathways are not independently variable. 


VI 

EXO-NIDO METALLACARBABORANES 

As mentioned in the Introduction, the nido 11-vertex carbaborane cages 
used for syntheses of the salts 1 have long been recognized as isolobal 
analogs of the ubiquitous cyclopentadienyl ligands rj s -C 5 R s (R = H or 
Me). However, the dazzling variety of options open to metallacarbaborane 
species, in terms of their structures, bonding modes, and electronic or steric 
influences on metal-ligand clusters, has more recently served to distance 
the complexes 1 and 2 from their neutral cyclopentadienyl-bearing coun¬ 
terparts 4. Syntheses of exo-nido metallacarbaborane complexes in Scheme 
16, formed serendipitously from protonation reactions of certain 
alkylidyne-metal complex mixtures, emphasize the comparative ease with 
which radically different bonding modes can be adopted. 

Thus treatment of an equimolar mixture of li and 4a with 1 mol eq. 
of HBF 4 -Et 2 0 at ambient temperature does not yield a dimetal species 
analogous to those described in Section V,A, but rather the unusual 
exo-nido monotungsten product [exo-nido-9 ,11 -(CH 2 C 6 H 4 Me-4) 2 -5,10- 
{W(CO) 2 (7/-CjHj)}-5,10-(//-H) 2 -7,8-C 2 B 9 H g ] 61a (Scheme 16) (49). The 
related compound 61b has been similarly obtained from 3b and 4a (42). 
The contrasting species [exo-m'rfo-7,8-Me 2 -9,10-{W(CO) 2 (//-C J R , J )}-9,10- 
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II + 4a 1 HBF 4 Et 2 0 f 61a CH 

3b + 4a J "j 61b CCH 2 OMe 


Scheme 16. 

(//-H) 2 -7,8-C 2 B 9 H 8 ] (R' = H, Me; 62) were obtained by protonating mix¬ 
tures containing the molybdenum carbaborane salt In, as shown in 
Scheme 17 (49). 

Thus the complexes 61 and 62 represent two distinct types of exo-nido 
tungstacarbaborane, in which nido-1 ,S-C 2 B g anions formally donate four 
electrons to [W(CO) 2 (^-C 5 R' 5 )] + (R' = H, Me) cations via two B-H—-W 
3c-2e interactions. These species may therefore conveniently be regarded 
as zwitterionic. But this may exaggerate the degree of charge separation, as 
an X-ray diffraction study of 62b (Fig. 5) clearly shows the r/-C 5 Me 5 ring 
tending toward if- rather than ^-coordination to the tungsten atom (49). 
A similar effect is noticed for the if-C 5 H 5 ligand of 61a (Fig. 5) but is 
statistically less significant owing to imperfect diffraction data. 

It is noteworthy that the nido carbaborane cages of the products 61 



1 n + [W(=CC 6 H 4 Me-4)(CO) 2 (n s -C 5 Me 5 )] - - HBF - 4 ' - Et - 2 ° - 62b Ti-C 5 Me 5 


Scheme 17. 



Fig. S. Molecular structures of complexes 61a (top) and 62b (bottom). 


utilize B-H bonds from separate pentagonal layers, whereas the species 62 
form these linkages from two boron atoms in the single open pentagonal 
face of the cage. This difference may be due, in large part, to the presence 
in the former complexes of two CH 2 C 6 H 4 Me-4 substituents. These bulky 
groups reduce the number of exopoly hedral B-H bonds from this pentago¬ 
nal ring to one, thus enforcing a conformation such as that observed. This 
conformation is not necessarily unfavorable, however, having been ob¬ 
served earlier by Hawthorne and co-workers (63), in rhoda- and iridacar- 
baborane complexes such as 63 and 64. The alternative bonding geometry 
exhibited by the complexes 62 has also been observed for the aluminum 
and gallium exo-nido complexes [exo-wV/<>-9,10-(EMe 2 )-9,10-(u-H) 2 -7,8- 
C 2 B 9 H, 0 ] (E = Al, Ga; 65), as long ago as 1971 (64). 

Exo-nido metallacarbaborane complexes are at present comparatively 
rare, but are nevertheless a clear bonding option by which a number of 
metal-ligand fragments may interact with a C 2 B 9 cage system. However, 
the species 62 are singled out from all other known examples by having 
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“static” structures, on the NMR time scale, in solutions at ambient tem¬ 
perature. With this exception, all the above exo-nido complexes exhibit 
extremely facile fluxional processes. Proposed mechanisms for this flux- 
ionality include site exchange of metal-ligand (ML„) fragments with 
endo- B-H protons or of exo- with etido- protons, and mobility of the ML„ 
group between various pairs of B-H vertices. The suggested mechanism by 
which compound 61a achieves a time-averaged plane of symmetry, dis¬ 
played via solution NMR spectra recorded as low as —80° C, is shown in 
Scheme 18 (49). Thus the W(CO) 2 (f/-C 5 H 5 ) + fragment rotates by stepping 
around a triangular face of the C 2 B 9 cage. The apparent inflexibility of the 
complexes 62, on the other hand, has made them excellent subjects for 
NMR correlation experiments (49). These studies have shown that the 
boron nuclei of the B-H—-W interactions exhibit the highest and lowest 
chemical shifts in the M B NMR spectra, a difference of almost 80 ppm for 
compound 62a, emphasizing the unusual electronic shielding effects in 
these structures. 


VII 

SPECTROSCOPIC AND X-RAY DIFFRACTION ANALYSIS 

Characterizations of the metallacarbaborane species described in this 
review and in our earlier article (1) would not have been possible without 
modem tools of analysis. Of crucial importance to this work are high-field 
multinuclear magnetic resonance spectroscopy and single-crystal X-ray 
diffraction analysis, two cornerstones of synthetic organometallic chemis¬ 
try. It is therefore appropriate to highlight certain diagnostic features that 
are essential to the successful application of these techniques. 


A. NMR Spectroscopy 

The chemical shift ranges covering the majority of examples of the most 
important functional groups are shown in three figures in this section and 
are discussed further below. However, it is important to stress that both the 
chemical shifts and the profiles of the spectral peaks are powerful indica¬ 
tors of chemical structure. This is due largely to the presence in these 
molecules of at least nine quadrupolar boron nuclei ( U B, I = j, 80%; 10 B, 
I = j, 20%), which can be both a hindrance and an invaluable aid to 
structural characterization. 
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1. Proton NMR 

Terminal B-H protons generally appear as broad unresolved signals in 
the range 6 0 to + 3, but may be observed as low as 8 — 2. They cannot be 
assigned without the aid of a broadband “B decoupling signal and/or 
two-dimensional correlation, experiments. For the work described herein 
they are of no diagnostic value, simply impeding the accurate measure¬ 
ment of the integrated intensities of other peaks in this range and fre¬ 
quently masking weak signals such as cage CH proton resonances, which 
are also somewhat broad owing to the quadrupolar boron nuclei. The 
methylene protons of a BCH 2 R (R = Aryl) group are often observed as an 
[AB] pattern, approximately 1.5 ppm higher in frequency than the corre¬ 
sponding multiplet for those of a BCH 2 Me fragment (Fig. 6). Through- 
bond relaxation by the boron nuclei does not extend through a second 
2c-2e bond; hence cage CMe proton signals are usually sharp peaks, often 
indistinguishable from other methyl groups within the molecule, such as 
that of the p-tolyl group. 

The most valuable region of the 'H NMR spectrum in applicable cases is 
the area to high field of SiMe 4 , where B-H-*M resonances are observed. 
These signals are invariably extremely broad quartet resonances with direct 
‘JC'B—*H) couplings measurable in the range -60-90 Hz. Hence they 
cannot be mistaken for other groups with high-field resonances, such as 
terminal or bridging metal hydrides. The B-H—*M signals fall across a 
wide frequency range (<J —5 to — 11) even when involving a particular 
metal, perhaps indicating the variable extent to which this type of 3c-2e 
interaction may occur. Unfortunately, unfavorable circumstances, particu¬ 
larly molecular fluxionality, occasionally broaden these B-H—-M signals 
to such an extent that "B-'H coupling is not detectable or the resonances 


111 ■' ■ ■ cage QH 


■ 1 cage QMa 


- BCH 2 R (R = Aryl) 


■ ■ « BCH 2 Me 





5 5 4 3 2 1 0 -1 -2 -3 -4 -5 -6 -7 -8 -9 -10 -11 -12 

Fig. 6. Diagnostic chemical shift ranges in the 'H NMR spectra from metallacarbaborane 
complexes of the types described herein. 
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simply cannot be observed. However, these groups may be identified from 
"B NMR spectra, as discussed later. 

2 . Carbon-13 NMR 

Despite its low natural abundance and poor magnetic susceptibility, 
carbon-13 NMR spectroscopy has developed, through technological ad¬ 
vances, into an indispensable element of spectroscopic analysis for the 
compounds described herein. High-field, high-resolution spectrometers 
make possible the routine observation of broad and weak signals that 
would have passed unnoticed only a few years ago. Moreover, it is precisely 
these signals that convey the most significant structural information. Once 
again, the profiles of the resonances are as significant as their frequencies. 

Thus, exopolyhedral substituents CH 2 R are characterized in ,3 C-{'H} 
NMR spectra by an extremely broad quartet in the ranges S —25-40 
(R = Aryl) or S — 15-25 (R = Me) corresponding to the BCH 2 nucleus 
(Fig. 7). When the spectral resolution permits measurement of the 11 B - 13 C 
coupling constant, it is found to be in the region of 80 Hz. In contrast, the 
,3 C nuclei of cage CH or CMe groups appear as singlets, coupling to several 
boron nuclei being unresolved. Indeed, the resonances of cage CMe nuclei 
are sharp and, but for their relatively high chemical shift, indistinguishable 
from other methyl groups in the molecule. It is noteworthy that the average 
chemical shift of CMe nuclei in MC 2 B, 0 cages is approximately 5 ppm 
higher than of those in MC 2 B 9 systems, although this feature alone cannot 
unequivocally define the cage structure. However, the cage-carbon vertex 
signals themselves do allow distinction between MC 2 B 9 and MC 2 B 10 com¬ 
plexes, as discussed below. 



MC 2 B 9 cages MC 2 B 10 cages All cages 

Fig. 7. Diagnostic chemical shift ranges in the 13 C-{ , H} NMR spectra from metallacarba- 
borane complexes of the types described herein. 
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MC 2 B 9 





95 90 85 80 75 70 65 ppm 

Fig. 8. Typical 13 C-{‘H) NMR spectrum of related MC 2 B,Me 2 and MC 2 B, 0 Me 2 com¬ 
plexes, showing the cage-carbon resonances. 


Although noticeably broader and significantly weaker than primary or 
secondary carbon atom signals, the resonance intensities of cage CMe or 
CH nuclei are of the same order of magnitude as those of M-C-O groups 
and are thus readily observed under normal circumstances. These signals 
provide powerful evidence for both the structure and the topology of the 
metallacarbaborane cage concerned. Structural information is provided by 
chemical shift, which, for c/oso-MC 2 B 9 cages with CMe groups, falls in the 
range <5-60-75. Docosahedral cteoMC 2 B 10 Me 2 cage resonances, on the 
other hand, appear in the range <5-65-95 (Fig. 7). Furthermore, the two 
cage-carbon atom signals in the latter structures are generally separated by 
at least 20 ppm. 3 This is illustrated in Fig. 8, showing the CMe resonances 
of a mixture in which a typical MC 2 B 10 cage, bearing a CH 2 R substituent, 
is slowly converting to the corresponding MC 2 B 9 icosahedron via loss of a 
BCH 2 R fragment as discussed in Sections II and III. A directly comparable 
trend is observed in comparing icosahedral or docosahedral structures 
having CH vertices (Fig. 7). The 13 C-('H} NMR chemical shift of cage- 
carbon atoms is also a useful indicator of more unusual cage structures. 
For example, the CMe nuclei of hyper-closo 12-vertex cages (Section V,B) 


5 Docosahedral MC 2 B l0 cages contain a puckered 6-membered BBBCBC ring that flexes, 
in solutions at ambient temperature, on the NMR time scale (J). Spectra of the “static” 
structure, in which the carbon vertices necessarily have different environments with respect to 
the metal center, may generally be obtained by cooling to —20 "C. 
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Fig. 9. Typical U C-{ I H} NMR spectrum, showing the cage-carbon resonances, of a 
12-vertex metallacarbaborane complex having a 2,1,8-MC 2 B 9 arrangement of atoms. 


resonate in the range <5 —170— 180 (55,65), while “slipped” tj 3 - 
MC 2 B 9 H 9 Me 2 cage structures may be suggested by the appearance of 
cage-carbon resonances in the range <5 —70-80 (66). 

The topological arrangement of cage atoms, on the other hand, is indi¬ 
cated by the profiles of these carbon vertex resonances. Thus, cages in 
which both carbon atoms have the same numbers of B-C, C-C, and 
C-M connectivities, i.e., 3,1,2-MC 2 B 9 or 2,1,7-MC 2 B 9 , display two CMe 
resonances of approximately equal width and intensity, provided there is 
no molecular symmetry. But the “rearranged” 2,1,8-MC 2 B 9 cage topology 
described for several compounds in Section IV shows distinctively con¬ 
trasting peak profiles in its ,3 C-{'H) NMR spectra. A typical example, 
showing one broad and one relatively sharp signal, is shown in Fig. 9. This 
feature is attributed to the different number of B-C connectivities, and 
therefore the different nuclear relaxation rates, for each carbon vertex. 

The NMR spectrum is thus extremely powerful in determining 

the structures of metallacarbaboranes of the types described herein. Its 
value is further increased as the information it holds is often not provided 
in either 'H or n B spectra. 

3. Boron-11 NMR 

Very short relaxation times and the presence of 20% boron-10 (I — l) 
combine to make the peaks in any n B NMR spectrum broad. These 
factors are exacerbated in metallacarbaborane complexes such as those 
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described in this chapter, by the bulk of the molecules, and by the electric 
field gradient imposed across them due to the metal, both of which aid 
spin-lattice relaxation processes still further. Nevertheless, useful infor¬ 
mation is available from n B NMR spectra with the aid of a high-field 
spectrometer, particularly when proton-coupled and -decoupled spectra 
are compared. The chemical shift ranges for three types of “noninnocent” 
cage interaction are shown in Fig. 10, along with the range of terminal, or 
“innocent,” B-H nuclear resonances. As these ranges are generally quite 
distinct, chemical shift alone is often sufficient to identify the type of 
exopolyhedral interaction. Moreover, cases of potential ambiguity are 
avoided by measuring a fully coupled n B spectrum. In this mode, B-M 
and BCH 2 R nuclei remain as singlets as they have no attached protons. In 
contrast, boron nuclei involved in B-H—3c-2e linkages give rise to 
doublet signals, with 7(HB) —70 Hz. This value is significantly smaller 
than the 2c-2e /(HB) coupling of terminal B-H groups at -130 Hz. A 
similar trend in C-H coupling constants has been recognized as a feature 
of the related “agostic” C-H-^M 3c-2e interaction (67). Occasionally, the 
small B-H coupling of the B-H-*M moiety is not resolved, and thus 
greater reliance is placed on the distinctive signal produced in the 'H 
spectrum by this fragment, discussed above. 

It should be noted that the terminal BH signals themselves provide no 
valuable structural information in closo systems owing to their close prox¬ 
imity and broad linewidths. Indeed, the integrated intensities of this region 
are often not sufficiently accurate to distinguish reliably between B 9 and 
B 10 systems, hence the importance of the ,3 C-{'H} spectrum in this respect. 
Furthermore, two-dimensional correlation experiments (COSY) provide 
connectivity maps only in exceptional circumstances (e.g., compounds 62), 
as the peaks in most of the complexes described are not sufficiently re¬ 
solved. 



% 



£CH 2 R ■ - ■ 


terminal B-H — 



6 70 60 50 40 30 20 10 0 -10 -20 

Fig. 10. Diagnostic chemical shift ranges in the "B-t'H} NMR spectra from metallacar- 
baborane complexes of the types described herein. 
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B. X-Ray Diffraction Analysis 

Despite the wealth of information provided by NMR spectroscopy, the 
importance of X-ray crystallography in placing these results on firm foun¬ 
dations cannot be overemphasized. Single-crystal diffraction analysis has 
thus been utilized extensively for characterizations of the complexes de¬ 
scribed herein. Examples of selected structures have been included 
throughout this chapter, and a comprehensive list of structurally charac¬ 
terized metallacarbaborane species among the compounds 1 to 63 is given 
in Table I. 

One noteworthy factor affects the determination of metallacarbaborane 
complex structures by X-ray diffraction techniques: the distinction in an 
electron-density map between cage-carbon and boron atoms. It is possible, 
given a good data set, to distinguish between these two elements purely on 
the basis of thermal displacement coefficients. Nevertheless, in practice, 
interatomic separations must also be taken into consideration, as C-C 
distances are generally 1.65 A or less, while B - C or B-B connectivities are 
1.70 A or more. Isomers of the 12- and 13-vertex cages, used throughout 
this work, which have no C-C connectivity, could therefore be subject to 
some structural ambiguity, were it not for the methyl substituents attached 
to the cage-carbon atoms. Indeed, these groups were initially introduced 
simply to aid the structural and spectroscopic identification of various 


TABLE i 

References to X-Ray Diffraction Studies 
on Carbaborane-Metal Complexes 


Formula 

Reference 

Formula 

Reference 

la fl 

(68) 

46b 

(47) 

2 c 4 

(69) 

47a 

(47) 

201 

(31) 

48b'' 

(47) 

23b 

(32) 

50b 

(50) 

24b 

(35) 

52 4 

(53) 

31a 

(38) 

57a 4 

(55) 

35d c 

(39) 

58c' 

(36) 

36 4 

(35) 

61a 

(49) 

42b 

(39) 

62b 

(49) 


* PPhJ salt. 

4 NEtJ salt. 

' N(PPh 3 )J salt. 

* Study made on a PMe 3 derivative containing a 
MofPMe 3 X>/-C s H s ) group. 

' Au(PPh 3 )J salt. 
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reaction products. However, as has become abundantly clear, the presence 
of cage CMe vertices has a profound effect on the pathways followed by the 
reagents 1 and 2, in a widely diverse range of reactions. 

VIII 

CONCLUSIONS 

The potential of metallacarbaborane complexes bearing reactive alkyli¬ 
dyne functionalities is proving to reach far beyond what was imaginable at 
the time of their initial synthesis (5). Although there are areas of overlap 
with their alkylidyne(cyclopentaidenyl)metal counterparts, the chemistry 
of these polyhedral salts extends into boundless new territory, limited only 
by the imagination of its discoverers. The complexes summarized in this 
chapter demonstrate how the proton, perhaps the simplest of all chemical 
reagents, can be used to unlock the potential of alkylidyne (carbabor- 
ane)metal complexes. 

The scope of this area of investigation is illustrated by the observation 
that numerous primary journal articles have stemmed from the study of 
essentially two types of cage system (12- and 13-vertex), utilizing only two 
metals (W and Mo). Extensions of the research into synthetic methods for 
alkylidyne(carbaborane)metal complexes based on alternative metal 
centers and/or new cage systems would appear to offer the prospect of 
dramatic new developments in future years. 
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I 

INTRODUCTION 

The donor and acceptor properties of the heterocycles 1,4-diboracyclo- 
hexadiene (1), 1,4-diboracyclohexene (1H 2 ), 1,4-dihydro-1,4-dibora- 
naphthalene (2), 9,10-dihydro-9,10-diboraanthracene (3), as well as the 
five-membered heterocycles 2,3-dihydro- 1,3-diborol (4) and the 1,3-dihy¬ 
dro-1,3-diborafulvenes (5 and 6), allow the formation of mono-, di-, and 
trinuclear complexes. Usually the metals are anti-facially coordinated to 
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the bridging ligand, resulting in a regular or a slipped triple-decker arrange¬ 
ment. The two metal moieties should at least be connected via two-ring 
atoms of the bridging ligand and share its n-electrons. When each of the 
metals has its own 18 VE configuration, the anti-dinuclear compound does 
not belong to the family of triple-decker complexes. The boron heterocyles 
1 -6 (R‘ = Et, R 2 = Me) have In electrons less than their parent carbacy- 
clic compounds benzene, naphthalene, anthracene, cyclopentadiene, and 
fulvene. Due to the high acceptor capabilities of the two alkylboron groups, 
unique ligand properties of these heterocycles are observed. Several reviews 
on the synthesis and reactivity of diboraheterocycles are available (7-9); 
this article summarizes results on di- and trinuclear complexes. 

The organic jr-ligands have played the leading role in the development 
of organometallic n-complex chemistry (10). However, examples of di- and 
trinuclear complexes of the carbacyclic Tt-systems have only been synthe¬ 
sized in the last decade. First, a short survey on di- and trinuclear metal 
complexes of hydrocarbon 7t-ligands is given; detailed information is in 
reviews of Wadepohl (11) and Jonas (12). The chemistry of /z-arene triple¬ 
decker compounds was initiated by Jonas’ group (13), who synthesized the 
remarkable 26 VE triple-decker sandwich bis(^ 5 -cyclopentadienylvana- 
dium)-/i 6 -benzene (I). The paramagnetic complex easily undergoes an 


o 

-< 

<o> 

<o> 


CO 

o 


Cr 


<o> 

I 

II 

III 


exchange reaction of the bridging arene ligand. On the basis of PE spectra, 
an MO scheme for I that indicates four unpaired electrons was calculated 
(14). This was confirmed by magnetic measurements. The dichromium- 
trismesitylene complex (II) reported by Lamanna and co-workers (15) is a 
closed-shell species, which fits the 30/34 VE rule of Hoffmann et al. for 
triple-decker complexes (16). 

The dichromium-/z-naphthalene compound (III) of Lagowski et al. 
(17) is a slipped triple-decker sandwich, in which the metals share two 
7r-electrons of the bridging carbon atoms (C9,10 of naphthalene) and thus 
complete their 18e shell. In the dinuclear CrRu - //-naphthalene complex 
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(IV) of Hull, Jr., and Gladfelter (18), each metal has a filled 18e shell. 
Jonas (12) contributed the interesting complexes V to VII to the growing 
number of dinuclear /i-naphthalene compounds. In V, the (CjH 5 )Fe moie¬ 
ties are attached to the doubly folded bridging naphthalene: The four outer 
carbon atoms are complexed diene-like to an iron atom [Fe-C 2.018(2) to 
2.111(2) A], whereas the bridging carbon atoms are bonded to both iron 
atoms [Fe-C 2.457(2), 2.466(2) A]. Mossbauer data indicate that the iron 
atoms are identical. V has 36 and VI has 31 VE. In the complexes VII with 
M = Cr a total of 35 VE and M = V, 34 VE are present. 

Binuclear complexes of naphthalene (VIII) and of benzene (IX) with 
[Os(NH 3 ) 5 ] 2+ and [Ru(NH 3 ) 5 ] 2+ moieties were reported by Taube et al. 
(19), in which anti-(/i-l,2-^ 2 :3,4-^ 2 ) coordination of the arene is present. 
This bonding mode was first observed by Pasman et al. (20) in the binu¬ 
clear Rhenium complex X. Wolczanski et al. (21) obtained complex XI 
from the mononuclear complex [Ta(0—Si*Bu 3 ) 3 (f/ 2 -(N,C)-pyridine}] and 
benzene. Each tantalum atom is bound unsymmetrically to one C=C 
bond of benzene with a weak interaction to a third carbon atom; the 
bonding may be described as a distorted J? 3 -enyl. In the dinuclear cobalt 
complex XII, the xylene functions as a bis(enyl)-ligand (12,22). 

Whenever two metal moieties are syn-facially coordinated, a metal- 
metal bond is observed. In XIII and XIV, reported by Jonas et al. (23,24), 
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XIV 



XII 



all arene carbon atoms are bonded to the M 2 unit. XIII is obtained from 
[K(Cp 2 V)] and cyclohexadiene via dehydrogenation, and XIV is formed 
from [CpFe(C 8 Hi 2 )] and alkynes via cyclotrimerization. 

Mailer et al. (25) have obtained the complex XV with syn(l-3f/:4-6f/)- 
bonded ^ 2 -benzene by irradiating [CpRh(C 2 H 4 ) 2 ] and benzene in hexane. 
On longer irradiation the trinuclear syn-complex, XVIII is formed, in 



XIX xx 


which the arene ligand coordinates to three metals. The first example of a 
(/*-arene)M 3 complex is XVI, reported by Lewis and co-workers (26) in 
1985. In the octahedral cluster, one benzene ring interacts with three 
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ruthenium atoms, and the other benzene molecule functions as an ^-lig¬ 
and to a single Ru center. Two examples of the type XVII were also 
synthesized by the Cambridge groups: Three Os(CO) 3 and three Ru(CO) 3 
fragments are connected via metal-metal bonds (27). 

Wadepohl et al. (11,28) developed a new method of synthesizing trico¬ 
balt clusters with face-capping arene ligands: 1-alkenyl benzenes react with 
the Jonas reagent CpCo(C 2 H 4 ) 2 (29) or with CpCo(C 6 H 6 ) to give via the 
proposed dinuclear complexes XIX the [(CpCo) 3 (/i 3 -arene)] clusters XX. 
The 1-alkenyl group acts as a “landing strip” for the first CpCo fragment; 
benzene and alkylbenzenes do not form clusters of the type XX. 

As an introduction to five-membered heterocyclic ligands, a brief sum¬ 
mary of bifacially coordinated cyclopentadienyl ligands is given. The first 
triple-decker sandwich was reported in 1972 by Werner and Salzer (30), 
who obtained the diamagnetic Cp 3 Ni 2 + cation (XXI) by reacting nickelo- 








XXI 

XXII 

XXIII 


cene with HBF 4 . Its closed-shell configuration has 34 VE. Hoffman et al. 
(16) first reported the electronic structure of triple-decker compounds and 
thus initiated an increasing interest in this field. However, it took 15 years 
from the synthesis of XXI until the FeFe triple-decker cation XXII (30 VE) 
along with the [RuRu] + and [OsOs] + analogs were prepared by Rybinskaya 
et al. (31). Very recently Schneider et al. (32) reported the neutral CoCo 
triple-decker XXIII (33 VE). 


II 

1,4-DIBORACYCLOHEXADIENE METAL COMPLEXES 

B-Alkylderivatives of the 1,4-diboracyclohexadiene (1) (R 2 = Me, Et) 
are labile and rearrange to nido carboranes with the C 4 B 2 framework, 
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whereas the B-methyl derivatives of the 1,4-dihydro-1,4-diboranaphtha- 
lene (2) and of the 9,10-dihydro-9,10-diboraanthracene (3) are stable, due 
to the aromatic character of the annelated carbacycles. Timms et al. (33) 
and Herberich (3) have prepared several complexes of 1 with the electron- 
donating substituents R 2 = F,OMe, (C 3 H 4 )FeC 3 H 3 ), which prevent its 
rearrangement to carboranes. Substitution of R 2 = OMe in (C 3 Me 3 )Rh (1) 
with MeMgl leads to the corresponding dimethyl derivative 7, which reacts 
with CF3COOH to give the first triple-decker 8 with the 1,4-dimethyl-1,4- 



diboracyclohexadiene as ^-ligand (34). This triple-decker dication 
has 30 VE (closed shell). 

Recently we reported the synthesis of the 1,4-diboracyclohexene deriva¬ 
tives (1H 2 ) (R 1 = Et, R 2 = Me), which allow the formation of mono- and 



M = Fe.Ni 

9.10 11 12 
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dinuclear 1,4-diboracyclohexadiene complexes (35). Via dehydrogenation 
of 1H 2 (R 1 = R 2 = Me) during complexation (C-H activation by the 
metal) the Lewis-acid 18 VE complexes (7)ML„ are formed. Attack of a 
further metal complex fragment ML„ at the complexed boron heterocycle 
leads to anti-facial coordination. The obtained triple-decker sandwich 
complexes 9 (30 VE) and 10 (34 VE) are closed-shell species (36). The 
30 VE bis(methallyl)-nickel triple-decker 11 is formed as a mixture of 
cis-/trans-isomeTes (of the methallyl groups). The 30 VE complex 12 is 
entirely composed of the ligand 1 and is obtained from the reaction of 1H 2 
with [(C 2 H 4 ) 2 RhCl] 2 . The reaction of 1H 2 with (C 5 H 5 )Co(C 2 H 4) 2 yields 
the expected sandwich, the 32 VE triple-decker 13, and, surprisingly, the 
bis(cyclopentenylcobalt) triple-decker 14 with 28 VE (37). Both dinuclear 


R 1 R 1 



13 


(C 5 H 5 )Co(C 2 H 4 ) 2 
-2H, -2L 

R’-Et, R 2 =Me 



14 



H 


CpCoH(IH) 


complexes are paramagnetic, and 14 exhibits a temperature-dependent ‘H 
NMR spectrum. The constitution of 14 was confirmed by X-ray structure 
analysis (Fig. 1). It is formed by hydrogenation of both cyclopentadienyl 
ligands during complexation: The hydrogen of the activated C-H bond of 
the ligand 1H 2 is transferred via the cobalt atom to the cyclopentadienyl 
ligand. The expected intermediate (CjH 5 )Co(H)( 1H), in which one hydro¬ 
gen in (C 5 H 5 )Co( 1H 2 ) has moved to the cobalt atom, could be identified 
by 'H NMR; however, the signal for Co-H was not found. 
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H29 



Fig. 1. Molecular structure of anti-{(i? J -C 5 H 7 )Co}2{/i,»? 6 ,»? 6 -{EtC)2(MeB) 2 (CH) 2 } (14). 


Ill 

1,4-DIHYORO-l ,4-DIBORANAPHTHALENE METAL COMPLEXES 

The 2,3-diethyl-1,4-dihydro-1,4-dimethyl-1,4-diboranaphthalene (2) 
(55) reacts with (CO) 3 Fe(C g H I4 ) 2 to give the orange anti-dinuclear com¬ 
plex 15 and the cherry-red syn-complex 16 (59). Its formation occurs via 
the mononuclear complex (2)Fe(CO) 3 , which is attacked by the second 
Fe(CO) 3 moiety at the diene of the i? 2 -complexed benzo-ring. Obviously 
the anti-complex 15 (43%) is favored over the syn-product 16 (14%). In 16 
a weak iron-iron interaction (2.98 A) is present. On the basis of the 18 VE 
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rule, two electrons must be shared by both iron centers, since only five CO 
ligands are attached to the iron atoms. The X-ray structure analysis of 16 
reveils an unexpected structural feature: The Fe(CO) 3 group of the hetero¬ 
cycle in (2)Fe(CO) 3 is shifted from rf -to t/ 4 -bonding upon coordination of 
the Fe(CO) 2 group, which binds to the benzo-ring in ^ 6 -fashion. As shown 
in Fig. 2, the 1,4-diboranaphthalene in 16 is almost planar, and in 15 a 
considerable bending of the benzo-ring occurs as observed in many diene- 
tricarbonyliron complexes. The isomer of 16 with the Fe(CO) 3 and 
Fe(CO) 2 groups anti-facially coordinated at the heterocycle would have a 
30 VE triple-decker structure. However, the electron-accepting CO ligands 
do not allow the formation of the regular triple-decker arrangement. 

When 2 is reacted with [(CjHj)FeC 8 H 12 )] 2 Zn at 160°C in mesitylene, 
the formation of the green, 30 VE triple-decker sandwich [{(C 5 H 5 )Fe} 2 -// 6 - 
(2)] occurs. The 13 VE CpFe moieties are anti-bound to the 1,4-diboracy- 
clohexadiene of 2 in remarkable difference to the 14 VE (CO) 3 Fe complex 
fragments (Fig. 3). Similarly, with the Ni(C 3 H 5 ) group—isolobal with 
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Fig. 2. Molecular structures of antHCD) 3 Fe{/<,fj 6 ? i7 4 -{EtC) 2 (MeB) 2 C 6 H 4 }Fe(CO)3 (is) 
and syn-(CO)jFe{/i,»y 4 ,»^-{EtC) 2 (MeB) 2 C 6 H4}Fe(CO) 2 (16). 


Fe(C 5 H 5 )— the triple-decker 17 is preferred: The dianion 2 2- reacts with 
[(CjH 5 )NiBr] 2 to give red 17 (36%) and in low yield the diamagnetic 
tetradecker complex 18 (40). This trinuclear species has 44 VE and should 
be paramagnetic for a regular tetradecker. The X-ray structural data (Fig. 
3) prove the slipped arrangement around the central nickel atom: It is only 
tetrahapto-bonded to each of the 1,4-diboracyclohexadiene ligand, whereas 
the (C 3 H 5 ) Ni groups are ^-coordinated. The formation of the centrosym- 
metric 18 most likely occurs via (2)Ni(C 6 H 10 ), obtained from 2 and 
Ni(C,H 5 ) 2 . 
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Fig. 3. Molecular structures of anti-{( 5 -C, H,)Fe} 2 ?/ 6 ,?/ 6 -(EtC) 2 (MeB)2C 6 H 4 } and 

anti-[(^ 3 -C3H5)Ni0i^ 6 ,»/ 4 -(EtC) 2 C 6 H 4 }l 2 Ni(18). 


IV 

9,10-DIHYDRO-9,10-DIBORAANTHRACENE METAL COMPLEXES 

Reaction of 9,10-dihydro-9,10-dimethyl-9,10-diboraanthracene (3) with 
(CO) 3 Fe(C 8 H 14 ) 2 gives green (CO) 3 Fe(//‘-(3)), red [(CO) 3 Fe] 2 (// 4 ,//‘-(3)) 
(19), and orange [(CO) 3 Fe] 3 (// 4 ,//\// 6 -(3)) (20). The constitutions of these 
complexes are derived from NMR, IR, and MS data and confirmed by 
X-ray structure analyses (Fig. 4). 19 and 20 are formed from planar 
(CO) 3 Fe(//‘-(3)) by complexation of the diene of one and both benzo-rings 
anti- to the //‘-bonded Fe(CO ) 3 group (41). These complexes are obtained 
even when the ration 3:(CO) 3 Fe(C 8 H , 4 ) 2 is 1:1. An excess of the iron 
carbonyl exclusively yields 20. Figure 4 shows the molecular structures of 
19 and 20. 

In (CO) 3 Fe(//‘-(3)), 19 and 20, the iron atoms are //‘-bonded and are 
1.71 -1.73 A from the plane of the heterocycle. The distances are Fel - B 
2.31-2.34 A and Fel-C 2.21-2.32 A with Fe-Cll(C12) (average 
2.29 A) longer than Fe-C5(C6) (average 2.24 A). This indicates a small 
slippage of Fe, from the midpoint, which is caused by a stronger bonding 
of C5-C6 to the iron center. The noncomplexed carbacycle lies in the 
plane of the heterocycle. In 19 and 20, the iron atoms are 1 . 66 - 1.68 A 
away from the C 4 plane, which forms an angle with the plane of the 





Metal Complexes of Diboraheterocycles 


199 



Fig. 4. Molecular structures of anti-(CO) 3 Fef/i,i7 6 ,i/ 4 -(C 6 H 4 ) 2 (MeB) 2 }Fe(CO)3 (19) and 
anti-(CO 3 Fe^ > »;‘,»/r»/ < -(C 6 H 4 ) 2 (MeB) 2 )XFe(CO)3} 2 (20). 

heterocycle (< 30 - 38 °). The distances between iron and the outer C atoms 
of the formed butadiene systems are 2.14-2.18 A, whereas the inner C 
atoms are closer (2.05-2.06 A). The center C—C bond (C2—C3, 
C8—C9, average 1.39 A) is shorter than the outer C—C bonds (average 
1.42 A). In the noncomplexed carbacycles the inner C—C (1.395 A) is 
longer than the outer C—C (1.355 A), as in many butadiene complexes 
(42). 

The dihydrodiboraanthracene 3 easily forms the dianion 3 2- , which 
reacts with the corresponding organometal halides to give the bis(allyl- 
nickel) triple-decker 21 and the trinuclear Cp*Co complex 22 (where Cp* 
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is ? 7 5 -C 5 Me 5 ), which is isoelectronic with 20. The constitution of 21 and 22 
follows from NMR and MS data, and it is confirmed by X-ray structure 
analyses (43). The plots of 21 and 22 in Fig. 5 show that 21 has a planar 
diboraanthracene ligand 3 analogous to (CO) 3 Fe(f/ 6 -(3)). As in the tetra- 
decker 18, the two nickelallyl groups are ^‘-coordinated in the 30 VE 
triple-decker 21. The tricobalt complex 22 is isostructural with the triiron 
complex 20; the cobalt atoms Co2 and Co2' are each ^-coordinated to the 
diene systems of the benzo-rings. This result indicates that the Cp*Co 




Fig. 5. Molecular structures of anti-{(( 7 3 -CjHj)Ni} 2 Qi,> 7 6 ,> 7 6 -(C 6 H 4 ) 2 (MeB) 2 ) (21) and 
anti-(»j 3 -C 5 Me 5 )Coai-^,^,^-(C 4 H 4 ) 2 (MeB) 2 }{(i J 5 -C 5 Me 5 )Co} 2 (22). 
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moiety avoids the formation of the 32 VE triple-decker (Cp*Co) 2 (/t,t/ 6 -(3)) 
with a triplet groundstate, although the corresponding (CpCo) 2 -(/t,t/ 6 -(l)) 
(13) is known. 

The reaction between 3 and (CO) 3 Cr(NCCH 3 ) 3 leads to a surprising 
result: The attack of the chromium moiety does not occur at the heterocy¬ 
cle, but at the benzo-ring to yield 23. Our attempts failed to form 24 by 



o 0 

°C V \ !> C ° 
Cr 


Cr(CO) 3 (CH 3 CN ) 3 _ Lr 

-3 CH 3 CN * 





23 


CpCo(C 2 H 4 ) 2 
-2 C 2 H 4 


24 


23 



CpCo(3) 


+ Cr(C0) 3 (CH 3 CN) 3 
-3 (CH 3 CN) 


<03 



applying CO pressure on 23; also the formation of the dianion of 23 with 
slippage of the (CO) 3 Cr group to the heterocycle did not occur. Surpris¬ 
ingly, 23 could not be stacked with the CpCo group to yield 25, a slipped 
triple decker (34 VE), in which the metals share two 7r-electrons. However, 
the formation of 25 was achieved by reacting (CpCoX?/ 6 -(3)) with 
(CO) 3 Cr(NCCH 3) 3 (44). 
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V 

2,3-DIHYDRO-l ,3-DIBOROLYL METAL COMPLEXES 

In the past decade we have studied the ligand properties of the 2,3-dihy- 
dro-l,3-diborole (4), and the results are described in several reviews (6-9). 
The benzo-l,3-diborole (4') with hydrogen atoms in two-position exhibits 



4 4’ 


a reduced stability: Two molecules 4' undergo a condensation reaction to 
form the diboraanthracene 3 (45). Recently Herberich et al. (46) have 
synthesized the 4-methylene-1,2-diborolane, deprotonated it to the corre¬ 
sponding dianion, and protonated it to yield the 4-methyl-1,2-diborole. 
The dianion reacts with [(C 8 H 12 )RhCl] 2 to give the slipped triple-decker 
[(C g H 12 )Rh] 2 (/i,f/ 4 ,f/ 5 -4,5-diborafulvene) (47) (Section VI). 

The 1,3-doborolyl ligand (4-H) functions as a 3e donor and as a good 
electron acceptor (formally 3e), which allowed the formation of the first 
complete family of triple-decker sandwich complexes (26 + -30~) (6) rang¬ 
ing from FeFe + cation (28 VE) to NiNi - anion (34 VE). In addition, the 
unsymmetrical triple-decker 31-34 have been reported; however, we did 
not succeed in the synthesis of any triple-decker with CO ligands in both 
terminal decks. The complexes 26 -34 exhibit an interesting redox behav¬ 
ior and reactivity. The paramagnetic triple-decker 29 and 30 react with 
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Fe 2 (CO) 9 to give products resulting either from replacement of an (tj 5 - 
C 3 H 3 )Ni fragment by Fe(CO) 3 or insertion of Fe(CO) 3 into the (t] 5 - 
CjHj) —Ni bond (48). Thus, the reaction of 29 with Fe 2 (CO) 9 proceeds 
via Fe(CO) 3 insertion into the (i/ 5 -C 3 H 3 )—Ni bond to yield the trinuclear 
carbonyl-bridged complex 35 and subsequently by heating the tetranuclear 
complex 36, in which the CO groups could be substituted for the 2,3-dihy¬ 
dro-1,3-diborolyl ligand to yield the first pentadecker sandwich complex 
37 (49). The constitution of p>aramagnetic 37 was derived from MS and 




Co 

Co 

— B^B — 

A 


— B<^>B- 




—B^B- 


— B^>B 


NMR data and confirmed by an X-ray structure analysis. 30 reacts with 
Fe 2 (CO) 9 to give initially the triple-decker 33. Subsequent reactions lead to 
the carbonyl-bridged 38, the tetradecker 39, and the triple-decker 31. The 
unsymmetrical triple-decker 33 have been made independently by stacking 
the sandwich (r/ 3 -C 3 H 3 )Ni[(4-H)] with an Fe(CO) 3 fragment. 
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(C0) 3 


Sb^b— 
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The paramagnetic 44 VE FeNiFe tetradecker 39 has six terminal CO 
ligands; this result demonstrates that opposite to the nonexisting hexacar- 
bonyl triple-decker, this and related tetradecker are stable, because each 
(CO)jFe group is attached only to one ligand (4-H). A designed synthesis 
by reacting the sandwich anion [(CjH s )Co(4-H)] - with the cations Cr 24 ' to 
Zn 2+ led to the tetradecker sandwich complexes 40-46 (6), in which two 
CpCo fragments are the terminal groups. Interestingly, all but 46 are 
paramagnetic species with high-spin configuration in 40-43. The Zn com¬ 
plex 46 has a closed shell of 46 VE. These findings proved that two 
1,3-diborolyl-metal stacking units can be connected, which finally led also 
to pentadecker, hexadecker, and polydecker complexes. 

Black polymers of the type 49 (5) were obtained by thermal polycon¬ 
densation reactions of trisallyl-dinickel-^- 1,3-diborolyl triple-decker or its 
hexadiene-allyl-dinickel-^-1,3-diborolyl isomer 47 (50), and 50 was 



formed by heating the dirhodium triple-decker 48, which eliminates the 
terminal 1,3-diborole 4. 

The amorphous, air-sensitive products were studied by EXAFS, which 
revealed Ni-Ni distances in the range 3.40 A as in the corresponding 
triple-decker complexes and Rh-Rh distances of 3.60 A. The conductivity 
measurements showed 49 to be a semiconductor (10 -2 S cm - *, 330 K) and 
50 to be an insulator (10“ 10 S cm -1 ). 
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VI 

1,3-DIBORAFULVENE METAL COMPLEXES 

The 1,3-dihydro- 1,3-diborafulvene 5 and its benzo-derivative 6 are the 
structural isomers of the 1,4-diboracycIohexadiene 1 and the 1,4-dihydro- 
1,4-diboranaphthalene 2. The air-sensitive 1,3-diborafulvenes 5a,b (51) 
and 6 (38) do not rearrange to nido-carboranes at room temperature; 



5a 5b 6 


however, heating of 5a under nitrogen atmosphere to 120°C yields a 
carborane as shown by its "B NMR signals (<5 = —45.4 and +16.6). 
Reactions of 5a,b and 6 with (CO) 3 Fe(C 8 H M ) 2 lead via the mononuclear 
complexes 51 and 52 to the violet dinuclear complexes 53 and 54, which 



possess slipped triple-decker structures (52). The X-ray structure analyses 
reveal that one Fe(CO) 3 group is pentahapto-coordinated to the 1,3-dibor- 
ole frame of the C 2 B 2 C=C, whereas the other interacts with the Y-shaped 
B 2 C=C unit. The latter resembles the interaction of Fe(CO) 3 with tri- 
methylenemethane. The umbrella-like coordination of Fe2 in 53b and 54 
(Fig. 6) is documented by short Fe2—C2 bonds (1.905, 1.918 A) and 
longer Fe2—C6 bonds (2.118,2.103 A), as well as by Fe2—B1/B3 (2.436, 
2.424, 2.375, 2.401 A). The differences in the Fel —C4/5 distances (2,139, 
2.156 A in 53b and 2.236, 2.227 A in 54) are caused by the weaker donor 
properties of the C4/5 atoms of the benzo-ring in comparison to the C=C 
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Fig. 6. Molecular structures of anti-(CO)3Fe{^,7 4 ,7 5 -Me 2 C==C(MeB) 2 (CC3H 7 ) 
(CCjHj)} Fe(CO) 3 (53b) and anti-(CO)jFe{A, 7 4 ,7 J -Me J C=C(MeB) J (C, i H 4 ))Fe(CO)j (54). 

bond in 5b. The folding along B1 —B3 increases from 9.9° in 6 to 16.3° in 
54. An MO calculation indicates that the formation of 53 and 54 occurs by 
distortion of 51 and 52; the slippage of Fe(CO) 3 from t) s - to ^-bonding is 
followed by ^-coordination of the second Fe(CO) 3 group. When 6 is 
reacted with (CO) 3 Fe(C g H u ) 2 and (C 5 H 5 )Co(C 2 H 4 ) 2 in a 1:1:1 ratio, the 
diamagnetic slipped triple-decker 56 is obtained, which is also formed 
when 52 is stacked with the Co(C 5 Hj) fragment (53). 

The X-ray structure analysis reveals that the Co(CjHj) moiety is ^-coor¬ 
dinated to the 1,3-diborole ring, and the Fe(CO) 3 group interacts with the 
Y-shaped B 2 C=C unit. It is similar to that of 54; the folding of the 
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^ ^ r.n 


Fe Rh 



53b 55 56 

diborole along B1—B3 has increased to 20° The C 2 atom lies 0.25 A 
above and the Fel atom 1.66 A below the plane through Bl, B3, and C6. 
Because of the umbrella-like bonding of the B 2 C=C to the iron, the 
B—C2 distance (1.67 A) is longer than in diborolyl rings (1.56 A). It is to 
compare with the B—C2 bond in 1,3-diborole complexes, in which the C2 
atom between the boron atoms is pentacoordinated as in 53, 54, and 56. 
The two metals in 56 form stronger bonds to C2 than in other 1,3-diborolyl 
metal complexes. An MO calculation indicates that the formation of 56 
occurs by distortion of 52 (f/ 5 - -*• ^-bonding of the Fe(CO) 3 group) and 
)/ 3 -complexation of the CofCjHj) fragment (Fig. 7). 56 is 16 kcal/mol 



W03 

Fig. 7. Molecular structure of antKCO) 3 Fe{/r,i7 4 ,»7 5 -Me 2 C=C(MeB) 2 (C 6 H 4 )}Co(C 3 H i ) 
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more stable than its structural isomer, in which Fe(CO) 3 is t] s , and 
Co(CjHj) is rj* bonded (55). 

The first dinuclear complex of a diborafulvene was reported by Herber- 
ich et al. (47). They reacted the 3,4-diboratafulvene derivative 
Li 2 [H 2 C(CHBNEt 2 ) 2 ] with [RhCl(COD)] 2 and obtained the 3,4-dibora- 
fulvene complex 55. The complexes 53b and 55 are almost isostructural; 
however, they have 32 and 30 VE, respectively. 


VII 

CONCLUDING REMARKS 

In the past decade, ^-organoboron heterocycles and carborane ligands 
with the frame atoms C 3 B 2 and C 2 B 3 (1) have contributed much to the 
development of stacked sandwich compounds. Whereas the carbacyclic 
Tt-systems benzene and cycloplentadienyl only allowed the formation of 
triple-decker complexes, the unsaturated organoboranes 1,2,5-thiadiborole 
(2) and 1,3-diborole (4) were first used for the construction of tetradecker 
complexes (6). The unique properties of the C 3 B 2 ligand (4) made it also 
possible to synthesize pentadecker, hexadecker, and polydecker complexes, 
as well as to construct triple-decker (54) and tetradecker complexes (55), 
which incorporate the C 3 B 2 and the C 2 B 3 carboranyl ligand. These results 
demonstrate that mixed-ligand complexes are stable, and most likely these 
di- and trinuclear “hybrid” complexes may be used for the formation of 
novel oligo- and polydecker complexes. The oligodecker complex chemis¬ 
try of six-membered diboraheterocycles has only one example; the slipped 
tetradecker 18 with 2 as bridging ligand could be obtained. It is obvious 
that the number of VE and the ring size is important for the formation of 
stacked organometallic complexes. A combination of five- and six-mem- 
bered unsaturated organboranes and/or carborane ligands should result in 
interesting products. 
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I 

SCOPE OF THE REVIEW 

The purpose of the present review is to examine the current status of the 
chemistry of trifluoromethyl-containing transition metal compounds 
where the term transition metal had been defined to include the metals of 
groups 3-12. The early studies in this area have been discussed previously 
several times (1-4), and there has been no effort to provide a comprehen¬ 
sive literature coverage of the CF 3 -metal chemistry that was reported prior 
to 1980. 

While there are a number of other fluorine-containing ligands with 
interesting properties, including those used for MOCVD studies and ring¬ 
opening metathesis polymerization reactions, here the intent is to focus 
solely upon transition metal species that are substituted by CF 3 ligands, 
thus metal species containing, e.g., C 2 F 5 , C 3 F 7 , C 6 Fj, if- C 2 F 4 , and fluo- 
rinated or trifluoromethylated cyclopentadienyl ligands are not included. 
Recent reviews on related topics include those on transition metal fluorides 
(5), on dihalocarbene ligands (6), and on complexes of the octafluorocy- 
clooctatetraene ligand (7). 
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The first portion of this summary is an overview of some of the early 
results that were reported in the trifluoromethyl transition metal area 
(Section II). That survey is followed by a discussion of more recent studies, 
which is presented by group of the periodic table (Section III). Section IV is 
a precis of the X-ray crystallographic data that have been obtained, while 
Section V indicates some aspects of the importance of trifluoromethyl 
transition metal chemistry and its future. 


EARLY STUDIES 

Unlike many ligands that can be found readily in nature or can be 
generated easily from the materials found in nature, the trifluoromethyl 
group is wholly synthetic. One of the first CF 3 precursors, CF 3 I, was 
initially separated by Emeleus and his students from the products of the 
reaction between CI 4 and IF 5 ( 8 ). They then went on to examine the 
reactivity of CF 3 I toward elemental mercury and several group 5A and 6A 
(15 and 16) elements. One of the more significant findings of their studies 
was that CF 3 I would oxidize Hg to Hg(CF 3 ) 2 , but only if the mercury had 
been previously amalgamated with magnesium, copper, silver, or cad¬ 
mium, the last being particularly effective (9). Bis(trifluoromethyl)mercury 
and HgI(CF 3 ) were the first trifluoromethylated organometallic com¬ 
pounds prepared. Emeleus also observed that in many of its reactions, the 
CF 3 group could be likened more to a pseudohalide than to a methyl group 
(8), and that the decomposition temperature of Hg(CF 3 ) 2 , ca. 170°C, is 
substantially lower than that of the perhydrogenated analog Hg(CH 3 ) 2 , 
which begins to decompose near 300°C (9). 

The first trifluoromethyl-containing derivative of a d block element was 
formed when Mn(CO)j(COCF 3 ) was thermally decarbonylated to give 
Mn(CO)j(CF 3 ) (JO): 

Mn(CO) 5 (COCF 3 ) Mn(CO),(CF 3 ) + CO 92% (1) 

Trifluoromethyl migrations were later found to generate a number of 
trifluoromethylated transition metal complexes, but the success of this 
method is dependent upon the ability of the metal center to provide a 
chemically and energetically accessible vacant coordination site to which 
the CF 3 group can migrate at a temperature that does not decompose the 
product. In practice, successful conversions of CF 3 CO ligands to CF 3 sub¬ 
stituents have been largely restricted to derivatives of low-valent, late 
transition metals, and typically these have been compounds of the 3 d 
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metals that also have thermally labile CO ancillary ligands (7). One excep¬ 
tion is the Pt(II) derivative Pt(Cl)(PMePh 2 ) 2 (CF 3 ), which can be generated 
by the thermolysis of Pt(Cl)(PMePh 2 ) 2 (COCF 3 ), but this reaction requires 
temperatures of 210°C to proceed (77). 

One important property of CF 3 -transition metal complexes became ap¬ 
parent almost immediately when all of the low-valent, late transition metal 
trifluoromethylated compounds then known were found to be significantly 
more thermally and oxidatively stable than the analogous methylated 
species. Tetracarbonyl(trifluoromethyl)cobalt(I), for example, was isolated 
by distillation at 91°C, whereas the hydrocarbyl Co(CO) 4 (CH 3 ) decom¬ 
poses at subambient temperatures (72). Additionally, while the reverse of 
the decarbonylation reaction, CO insertion, is commonly observed in 
methylated transition metal species, these reactions are essentially un¬ 
known for trifluoromethyl metal complexes (13). Prior to 1980, evidence 
for CO insertion into an M—-CF 3 bond had been reported in only one 
case. That reaction employed the photolysis of Mn(COj)(CF 3 ) in an argon 
matrix at 17 K, and the identity of the product was not determined (14). 
The clear implication of the above results is that MCF 3 metal—carbon 
bonds are significantly less reactive and thus presumably stronger than 
MCH 3 metal—carbon bonds. 

This finding has been rationalized by invoking backbonding from the 
filled metal d orbitals into the nominally unoccupied C—F antibonding 
orbitals, a type of bonding that is not available to MCH 3 derivatives or 
compounds like CF 3 I (75). The backbonding contribution was assumed to 
augment the M—C bond length decrease that is expected to result from 
the higher positive charge on the metal that arises because the CF 3 group 
electronegativity is so much greater than that of the CH 3 group (16). 

Others, however, have argued that the enhanced stability of M—CF 3 
bonds is almost exclusively derived from effects within the tr-bonding 
manifold (77) and that in addition to the increased ionic character of the 
metal—carbon bond in the trifluoromethyl derivatives, the substitution of 
fluorine atoms for the hydrogen atoms in a methyl ligand ultimately results 
in a larger amount of s character in the bonding orbital directed from the 
carbon atom toward the metal atom (18). The anticipated result is a 
somewhat shorter, stronger M—C bond for MCF 3 compounds than that 
found in the analogous MCH 3 compounds. Regardless of the reasons, it 
was soon experimentally apparent that in typical fluoroalkyl complexes, 
the metal—carbon bond lengths are appreciably shorter (by ca. 0.05 A) 
than the metal—carbon bond lengths of similar hydroalkyl organometallic 
compounds (19). 

At approximately the same time that the thermal decarbonylation 
method was under intense study, Stone (3) began to develop the second 
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major route to the formation of transition metal trifluoromethyl com¬ 
pounds. The initial experiments in this area utilized oxidative additions of 
CFjI (and other perfluoroalkyl halides) to complexes of low-valent transi¬ 
tion metals, and a typical example is shown: 

Fe(CO) s + CFjI — FetCO^IXCFj) + CO 6% (2) 

In this reaction iron pentacarbonyl was found to add CF 3 I to form the first 
(trifluoromethyl)iron derivative reported (20). The oxidative-addition 
route has proven to be successful in a number of systems in which d* or d'° 
metal complexes have been employed as reagents, but ineffective with 
substrates in which the metal had an alternative d electron count (1-4). 

In some instances, the CF 3 I reactions resulted in products in which the 
trifluoromethylated metal was found to be in the same formal oxidation 
state as the reagent. For example, the interaction of Pt(COD)(CH 3 ) 2 with 
CF 3 I yielded Pt(CODXCF 3 ) 2 along with Pt(IXCH 3 ) 3 . Although the 
Pt—CF 3 compound most probably resulted from sequential CF 3 I oxida¬ 
tive additions followed by CH 3 I reductive eliminations, the possibility of 
radical reactions involving Pt(II)—CH 3 bond cleavages followed by tri- 
fluoromethylation of the Pt(I) center remaining could not be ruled 
out (21). Clark and Manzer also isolated the Pt(IV) complex 
Pt(PMe 2 Ph) 2 (I) 2 (CF 3 ) 2 from the reaction of Pt(PMe 2 Ph) 2 (CF 3 ) 2 with I 2 in 
good yield (82%) (21). The d 6 Pt(IV) complexes were (and are) the highest 
known oxidation state of a transition metal that is also bonded to a 
trifluoromethyl group. 

Albeit with less overall success, trifluoromethyl iodide has also been 
employed to effect oxidative trifluoromethylations of elemental copper 
and a few chromium and cobalt coordination complexes and to oxidatively 
cleave metal—metal bonds in complexes like Ni 2 (CO) 2 (Cp) 2 , Co 2 (CO) 8 , 
and GeMe 3 Fe(CO) 2 Cp. One of the first examples of this type of reaction is 
( 22 ) 

{Ni(CpXCO)} 2 + CFjI — Ni(CpXCO)I + NiCptCOJCFj 18% (3) 

Aside from the fact that the CF 3 I oxidative additions and oxidative 
cleavages require that the metal substrate possess two stable oxidation 
states that differ by two or one units, respectively, the inherent difficulties 
of these reactions arise from the fact that CF 3 I is a relatively poor oxidizing 
agent, one that is generally less effective than I 2 . The overall result is that 
typically the substrate to which the CF 3 I is to be added must be quite 
electron rich (easily oxidized) or the metal—metal bond to be cleaved 
must be weak, as in the case of the Ni—Ni bond shown in Eq. (3). 

The third general approach that was devised to form transition metal 
trifluoromethyl compounds relied upon the use of metal atom techniques 
of the type originally developed by Timms and Skell. In one set of expert- 
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ments, Klabunde examined the reactions of a number of metal atoms, 
including Pd, Ni, Zn, and Ag, with, e.g., CF 3 I or CF 3 COCl, which were 
cocondensed with the metal upon the walls of a reactor (23). In some 
cases, the trifluoromethylated products, e.g., PdI(CF 3 ), could be trapped by 
the subsequent addition of excess phosphine at low temperatures. In 
others, the product identity was established by hydrolysis of the matrix and 
separation of the CF 3 H formed. Among other findings, these studies re¬ 
sulted in the isolation of some of the first Pd—CF 3 compounds, species 
like PdI(CF 3 )(PEt 3 ) 2 , and the somewhat surprising observation that the 
formally two-coordinate PdI(CF 3 ) was air stable at ambient temperature 
even in the absence of added phosphine (24). 

During approximately the same time period, Lagow had begun to study 
the reactions of a number of metal and metalloid halides with the CF 3 
radicals that are generated in the radiofrequency discharge of C 2 F 6 (2). The 
first applications of this methodology to transition metal chemistry in¬ 
volved the cocondensation of CF 3 radicals with Ni and Pd atoms. The 
presumed bis(trifluoromethyl)nickel and palladium intermediates were 
then trapped by the addition of excess PMe 3 to the metal/fluorocarbon 
matrix, which resulted in Ni(CF 3 ) 2 (PMe 3 ) 3 and rims-Pd(CF 3 ) 2 (PMe 3 ) 2 ; the 
products ultimately separated (25). Later, the generality of the scheme was 
established when Zn(SiF 3 ) 2 py 2 , for example, was generated from zinc 
atoms and the products of an Si 2 F 6 discharge (26). 

Although these methods did result in the preparation of a number of 
then new compounds, they are inherently limited by the fact that the 
amount of material afforded by a typical reaction is often only in the tens 
of milligrams range, which is ample for product characterization but insuf¬ 
ficient for a reasonably thorough examination of the chemistry of the new 
compounds. Additionally, while metal atom reactions have been success¬ 
fully utilized on the elements of groups 10-12 (see below), the synthesis, 
isolation, and characterization of trifluoromethyl derivatives of the ele¬ 
ments from earlier periods of the periodic table is yet to be established. 

By means of the three general synthetic approaches outlined above, a 
fairly large number of trifluoromethylated transition metal complexes were 
synthesized during the period 1959-1980. Several studies had indicated 
that ancillary ligand exchanges, e.g., PPh 3 for CO or Cl for Br, could be 
carried out either thermally or photochemically and that the removal of 
CF 3 groups (which is commonly carried out by hydrolysis) could also be 
achieved as (27) 

PtH(CF) 3 (PPh 3 ) 2 + CO (30 at) — Pt(CO) 2 (PPh 3 ) 2 + CF 3 H (4) 

Somewhat like the nonbarking dog in the Sherlock Holmes story, how¬ 
ever, one of the most interesting facets of the CF 3 -transition metal chemis¬ 
try known at that time was that several synthetic approaches commonly 
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employed to generate CH 3 -containing metal species had not been success¬ 
fully adapted to the preparation of the trifluoromethylated derivatives. 

For example, one well-tested method for the formation of a CH 3 —metal 
bond is the interaction of CH 3 I with a metallate anion. However, although 
several early studies had shown that while the reactions of CF 3 I with a 
number of main group anions like GeHj do result in trifluoromethylated 
products like CF 3 GeH 3 (28), the corresponding reactions of CF 3 I with 
transition metal anions yielded the metal iodide instead (1-4). 

Another extremely useful method for preparing methylated species em¬ 
ploys the reactions of selected main group alkyls like Hg(CH 3 ) 2 , Cd(CH 3 ) 2 , 
Zn(CH 3 ) 2 , A1(CH 3 ) 3 , CH 3 MgX, or LiCH 3 with an appropriate halide. 
Much of the power of the method is derived from the fact that there is an 
entire series of reagents from which to choose; thus one can match the 
alkylating power of a particular reagent with the difficulty of alkylating the 
substrate of interest. One excellent example of the beneficial results that 
can arise by the judicious selection of reagents is found in the synthesis of 
W(CH 3 ) 6 , a compound that is easily prepared with A1(CH 3 ) 3 , but only 
obtained with great difficulty when LiCH 3 is utilized. 

In 1980 the situation with respect to reagents that could potentially be 
used to deliver a CF 3 group to a metal by a ligand exchange process was 
much different from that of the alkyls. The only readily available trifluoro- 
methyl derivatives were the mercurials HgI(CF 3 ) and Hg(CF 3 ) 2 , and these 
compounds had been repeatedly described as ineffective toward ligand 
interchanges of the type characteristic of Hg(CH 3 ) 2 . A more recent exami¬ 
nation of the reactions of Hg(CF 3 ) 2 with main group halides like GeBr 4 and 
SnBr 4 at elevated temperatures had shown that in fact GeCF 3 - and SnCF 3 - 
containing compounds could be formed from the mercurial (29), but a 
detailed study of the SnBr 4 /Hg(CF 3 ) 2 interaction indicated that the activa¬ 
tion energies for ligand exchange preclude the use of Hg(CF 3 ) 2 in all but the 
most labile (or thermally robust) systems (30). Clearly, if the ligand ex¬ 
change approach was to be successful, a more powerful trifluoromethylat- 
ing agent needed to be developed. 

Based in part on the observations of Emeleus and Haszeldine on the 
Hg/CF 3 I reaction (9), our initial approaches to preparing a more reactive 
trifluoromethylating reactant were centered upon the chemistry of cad¬ 
mium. At least to us, it seemed most plausible that the synthesis and 
separation of the first characterized CdCF 3 compounds might well simulta¬ 
neously result in a trifluoromethylating agent more powerful than 
Hg(CF 3 ) 2 . The preparation of Cd(CF 3 ) 2 (DME) (where DME is 
CH 3 OCH 2 CH 2 OCH 3 ) was carried out by exposing Cd(CH 3 ) 2 to Hg(CF 3 ) 2 
in DME. The separation of the reagent is based upon the fact that of all of 
the CH 3 /CF 3 derivatives of Hg and Cd, Cd(CF 3 ) 2 is the strongest Lewis 
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acid; thus its adduct with DME is the most thermally stable. In fact, 
Cd(CF 3 ) 2 DME is the only compound formed in this system that is not 
dissociated by prolonged pumping at ambient temperature. The yield of 
Cd(CF 3 ) 2 DME is ca. 60%, and it can be stored at — 78°C indefinitely ( 31 ). 

Once Cd(CF 3 ) 2 DME had been isolated, the first experiments with the 
reagent were devoted to comparing the reactivity of the new compound 
with that of Hg(CF 3 ) 2 in ligand substitution reactions of main group 
metalloids. The results shown in Eqs. (5)—(8) clearly indicated that at least 
with Ge and Sn halides, the cadmium-based trifluoromethylating reagent 
was much superior to the mercurial ( 31 ): 


Hg(CF 3 ) 2 + GeB 

r 4 — C/24hf > Ge(CF 3 ) 4 20% 

(5) 

Hg(CF 3 ) 2 + SnE 

[r< ^ 

(6) 

Cd(CF 3 ) 2 DME + GeBr„ > Ge(CF 3 ) 4 43% 

(7) 

Cd(CF 3 ) 2 DME + SnBr 4 - 23 ‘ C/ ^ f « Sn(CF 3 ) 4 66% 

(8) 


The second set of experiments was focused upon whether the reagent 
could be employed to generate trifluoromethyl derivatives of representa¬ 
tive transition metal coordination complexes, and for this study the group 
10 dihalide diphosphines were selected as typical substrates ( 32 ). These 
results. 


NiBr 2 (PEtj) 2 + Cd(CF 3 ) 2 DME —» NiBr<CF 3 XPEt 3 ) 2 65% (9) 

PdBr 2 (PEt 3 ) 2 + CdfCFj^DME 23 ' C/ ° - hf » PdBr(CF 3 XPEt 3 ) 2 70% (10) 

PtI 2 (PB U j) 2 + Cd(CFj) 2 DME 23 ‘ C/5hf > PtI(CF 3 XPBu 3 ) 2 60% (11) 

NiBr 2 (PEtj) 2 + Cd(CF 3 ) 2 DME-^-^^-» Ni(CF 3 ) 2 (PEt 3 ) 2 ca3% (12) 

PdBr 2 (PEtj) 2 + Cd(CF 3 ) 2 DME 23 ' <y3 - hr > Pd(CF 3 ) 2 (PEt 3 ) 2 35% (13) 

PtI 2 (PEt 3 ) 2 + Cd(CF 3 ) 2 DME — ' C/4t ^ > Pt(CF 3 ) 2 (PEt 3 ) 2 45% (14) 

demonstrated that while the first trifluoromethyl substitution proceeded 
reasonably efficiently, the second step [Eqs. (11)—(14)] was much slower 
and required as long as 40hr to proceed to completion. Although 
Pt(CF 3 ) 2 (PEt 3 ) 2 could be separated in reasonable amounts (45%) from 
these reactions, for Ni(CF 3 ) 2 (PEt 3 ) 2 , the least thermally stable of the 
M(CF 3 ) 2 (PEt 3 ) 2 complexes, the rate of decomposition of the compound 
was comparable to its rate of formation. Ultimately, alternative reaction 
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conditions under which the CF 3 ligand substitutions were more facile 
would need to be devised. 


Ill 

TRANSITION METAL TRIFLUOROMETHYL CHEMISTRY OF THE 
PAST DECADE 

While the period 1960-1970 could fairly be characterized as a time in 
which the generation of new metal—CF 3 derivatives was emphasized, 
during the decade immediately past, more attention has been given to 
determining the reactivity of these trifluoromethyl compounds. In particu¬ 
lar, the preparation, characterization, and reactions of species containing 
difluorocarbene ligands has drawn the interest of several investigators. 
In the following section, newly reported syntheses and reactions of 
metal—CF 3 compounds are presented by group of the periodic table. 
Structural studies are summarized in Section IV. 


A. Trifluoromethyl Derivatives of Group 3-5 Metals 

Although several reactions that were designed to provide CF 3 derivatives 
of these metals have been reported, to date no successful experiments of 
this type have been described. The results of one reaction that was directed 
toward the formation of a Hf—CF 3 bond are 

Cp* 2 ZiCl 2 + Cd(CFj) 2 DME T - ^^ hr » Cp* 2 ZrF 2 91% (15) 

During this reaction, the results of which are quite typical of those obtained 
from very early (electron poor) transition metal substrates, the only prod¬ 
uct isolated was the fluoride, which was separated in good yield. The only 
evidence for the existence of a Hf—CF 3 intermediate was a small transient 
19 F NMR signal in the M—CF 3 chemical shift region (33). 

B. Trifluoromethyl Derivatives of Group 6 Metals 
1. CpMo(CO) 3 CF 3 and Cp W(CO) 3 CF 3 

The original preparation of a group 6 trifluoromethyl complex was 
reported by King and Bisnette (34) who thermally decarbonylated 
CpMo(CO) 3 (COCF 3 ) at 120° C to give CpMo(CO) 3 CF 3 in yields that varied 
from 24 to 60%. Neither thermal nor photolytic decarbonylation of the 
analogous tungsten compound, CpW(CO) 3 (COCF 3 ), was successful (34). 
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When we initially set about to prepare CpMo(CO) 3 CF 3 and CpW- 
(CO) 3 CF 3 by reactions with Cd(CF 3 ) 2 DME, the results were sorely disap¬ 
pointing since in CH 2 C1 2 the best yields obtained were ca. 15% for 
CpW(CO) 3 CF 3 (from the chloride) after 2hr at 90 °C and only ca. 3% for 
CpMo(CO) 3 CF 3 (from CpMo(CO) 3 CH 3 ) using a high-pressure Hg lamp to 
photolyze the reaction (55). Later, an alternative, more productive proce¬ 
dure was developed when it was found that the addition of an equimolar 
amount of silver salts into the reaction mileau greatly accelerated the rate 
of the trifluoromethylation reactions (56): 

CpMotCOy + Cd(CF 3 ) 2 DME + AgNO, 23 ‘ C/2hr » CpMo(CO) 3 CF 3 55% (16) 

CpW(CO) 3 I + Cd(CF 3 ) 2 DME + AgN0 3 23 ' C/2 ' 5hr > CpW(CO) 3 CF 3 52% (17) 

Alternatively, if the reactions are carried out in DMSO, after several days 
the MoCF 3 and WCF 3 products can be obtained in 54 and 27% yields, 
respectively (57). 

The most efficient syntheses of these compounds of which we are aware, 
however, employ the thermal decarbonylations of the trifluoroacyl deriva¬ 
tives under slightly different conditions than those originally reported by 
King. As shown in Eqs. (18) and (19), if the reactions are carried out in 
sealed vessels with aprotic solvents present, both of the COCF 3 complexes 
can be cleanly decarbonylated, and the trifluoromethyl derivatives can 
then be separated in very high yields (55): 

CpMo(CO) 3 (COCF 3 ) l0 °-- !!>r » CO + CpMo(CO) 3 CF 3 97% (18) 

CpW(CO) 3 (COCF 3 ) ‘” Bu % 8hf ■ CO + CpW(CO) 3 CF 3 83% (19) 

Both of these bright yellow complexes are very sensitive to light, but in 
the dark they are reasonably thermally stable. For example, if maintained 
in the dark in a sealed vial, the half-life of CpMo(CO) 3 CF 3 at ambient 
temperature is a little over 2 years. 

2 . CpMo(CO) } CF } Difluorocarbene Derivatives 

The initial experiments that indicated that difluorocarbene ligands could 
be generated from trifluoromethyl groups were reported by Reger who 
abstracted fluoride ions from compounds like CpMo(CO) 3 CF 3 with strong 
Lewis acids. The CpMo(CO) 3 CF 2 + ion produced, 

CpMo(CO) 3 CF 3 + SbF, L-^ c > CpMo(CO)3CF 2 + + SbF< (20) 

could be characterized spectroscopically, but it was not stable enough to 
isolate (38). 
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Somewhat later, Richmond and Shriver (39) demonstrated that the 
trifluoromethyl ligand in CpMo(CO) 3 CF 3 could be converted into a trichlo- 
romethyl or tribromomethyl substituent merely by adding BC1 3 or BBr 3 , as 
shown for the BC1 3 reaction. 

CpMo(CO) 3 CF 3 + BCl 3 01,08 » CpMo(CO)3Ca 3 + BF 3 84% (21) 

Although unproven, the mechanism of the halogen interchange was pre¬ 
sumed to involve the transient formation of dihalocarbenes and, e.g., 
BC1 3 F- (39). 

The first group 6 difluorocarbene-containing complex that was suffi¬ 
ciently stable for characterization by X-ray crystallography was recently 
reported by Koola and Roddick (40) who utilized SiMe 3 0S0 2 CF 3 as the 
fluoride abstracting agent. Both CpMo(CO) 3 CF 2 + and Cp*Mo(CO) 3 CF 2 + 
were formed by reactions like that shown in Eq. (22) 

Cp*Mo(CO) 3 CF 3 + SiMe 3 0S0 2 CF 3 [Cp*Mo(CO) 3 CF 2 + ][SO,CF 3 -] 87% (22) 

and the structures of Cp*Mo(CO) 3 CF 3 and [Cp*Mo(CO) 3 CF 2 + ][S0 3 CF 3 -] 
were ascertained. The reaction of the difluorocarbene with ethylene glycol 
resulted in a product tentatively identified as Cp*Mo(CO) 3 C(OCH 2 ) 2 + but 
in general, this difluorocarbene appears to be less amenable to study than 
the difluorocarbenes ligated to the later (more electron-rich) metals that are 
described below. 

3. CpCr(NO) 2 CF } and CpMo(NO) 2 CF 3 

Since no group 6 compounds that contained both NO and CF 3 substi¬ 
tuents had been prepared and since Cr(0) and Mo(0) trifluoromethyl 
compounds were also unknown, we investigated the reactivities of 
CpCr(NO) 2 Cl, CpMo(NO) 2 Cl, and CpW(NO) 2 Cl with Cd(CF 3 ) 2 DME. Al¬ 
though the reactions in CH 2 C1 2 at ambient temperature were slow, by 
either raising the temperature to 65 °C or adding silver salts into the 
mixture, the new compounds CpCr(NO) 2 CF 3 and CpMo(NO) 2 CF 3 could 
be generated in reasonable amounts. Equations (23)-(26) provide a com¬ 
parison of the efficiency of the two methods: 

CpCr(NO) 2 Cl + Cd(CF,) 2 DME 65 ' /IOhr > CpCr(NO) 2 CF 3 71% (23) 

CpCr(NO) 2 Cl + Cd(CF 3 ) 2 DME + AgOAc 23 ‘ C/0 5hr > CpCr(NO) 2 CF 3 94% (24) 

CpMo(NO) 2 Cl + Cd(CF 3 ) 2 DME CpMo(NO) 2 CF 3 44% (25) 

CpMo(NO) 2 Cl + Cd(CF 3 ) 2 DME + AgOAc 23 ' C/0 5hr > CpMo(NO) 2 CF 3 45% (26) 
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The addition of CuBr to these reactions was also investigated, but the 
yields were lower, 54% for the Cr species and 35% for CpMo(NO) 2 CF 3 . 
The tungsten analog was not observed in any of the similar reactions that 
were carried out with CpW(NO) 2 Cl (36,41). 

The chromium complex is exceptionally oxidatively and thermally 
stable. It can be exposed to the atmosphere for 6 months without change 
and in Bu 2 0 at 115°C, the half-life of the compound is ca 400 hr; even 
after 1100 hr at 115°C, 2% of the material remains. The molybdenum 
derivative, however, is much less stable since sealed samples begin to 
decompose within 10 hr and upon exposure to air, brown fumes are 
evolved immediately. As anticipated, the NO stretching frequencies are 
very high for both compounds, slightly higher than those of the chloride in 
both cases (16,41). The X-ray crystal structure of CpCr(NO) 2 CF 3 is dis¬ 
cussed below. 


C. Trifluoromethyl Derivatives of Group 7 Metals 

1 . Synthesis of Mn(CO) 5 CF 3 

The reaction of Cd(CF 3 ) 2 DME with Mn(CO) 5 Br is very slow at ambient 
temperature, but if AgN0 3 is added in a 1:1 mole ratio with the cadmium 
reagent, the silver-assisted reaction is complete within 15 min. The addi¬ 
tion of CuBr to Cd(CF 3 ) 2 DME trifluoromethylations of Mn(CO) 5 Br, how¬ 
ever, is ineffective (36). The results of the AgN0 3 comparison are 

Mn(CO) J Br + Cd(CF 3 ) 2 DME- ?5: ^^Mn(CO) J CF3 0% (27) 

Mn(CO),Br + Cd(CF 3 ) 2 DME + AgNOj 23 ' C/ ° —■ 61% (28) 

The role of the silver salt is not known with certainty, but two possibilities 
are most plausible. One is that first the AgN0 3 is trifluoromethylated by 
the cadmium reagent and then the more reactive, but much less thermally 
stable, AgCF 3 (see below) trifluoromethylates the organometallic halide. 
An alternative possibility is that the silver may remove halide from the 
substrate, leaving a more reactive, coordinatively unsaturated metal that is 
then trifluoromethylated by Cd(CF 3 ) 2 DME. 

2. Mn(CO) 5 CF s Ligand Exchange with Boron Trihalides 

Richmond and Shriver (39) have examined the reactivity of Mn(CO) 5 - 
CF 3 and Mn(CO) 5 COCF 3 with the boron trihalides. The interaction of 
Mn(CO) 5 CF 3 with BC1 3 in CH 2 C1 2 generated Mn(CO) 5 CCl 3 (91%) and 
BF 3 , but the products from the BBr 3 and BI 3 reactions were less stable. The 
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reaction of Mn(CO) s COCFj with, e.g., BC1 3 , did not result in halide 
interchange. These results appear to be general in that the fluorine substitu¬ 
ents of an alkyl carbon directly bonded to a transition metal are commonly 
much more labile than those bonded to a nonadjacent alkyl carbon. These 
results were interpreted to signify that halogenated carbon atoms adjacent 
to transition metals have an enhanced ability to form transient carbenes 
(39). 

3 . Mn(CO) s CF } Carbonylation and Mn(CO) s COCF } Decarbonylation 

Calorimetric measurements that were carried out upon reactions (e.g., 
halogenations) of a number of Mn(CO) 5 R compounds resulted in esti¬ 
mated bond dissociation enthalpies of 41.1 kcal/mol for the Mn—CF 3 
bond in Mn(CO) 5 CF 3 and 36.6 kcal/mol for the Mn—CH 3 bond in 
Mn(CO) s CH 3 (42). Within the experimental uncertainty, the difference 
between the two M—C alkyl bond energies is the same as that derived for 
the Mn—C bond dissociation enthalpies of the analogous acyl com¬ 
pounds, 35.1 kcal/mol for Mn(CO) 5 COCF 3 and 30.8 kcal/mol for 
Mn(CO)jCOCH 3 (42). Clearly, the effects that strengthen the Mn—CF 3 
bond relative to the Mn—CH 3 bond extend to the trifluoroacetyl deriva¬ 
tive as well. 

Shin and Beauchamp (43) have compared the gas-phase infrared C—F 
stretching frequencies of Mn(CO) 5 CF 3 with those of the Mn(CO) 4 CFjand 
Mn(CO) 3 (NO)CFj anions that were produced by the infrared multipho¬ 
ton-induced dissociation of CO from the parent pentacarbonyl. The infra¬ 
red evidence suggests that in the gas phase, the structure of Mn(CO) 4 CFj is 
based on a square pyramid, whereas the structure of Mn(CO) 3 (NO)CFj is 
based on a trigonal bipyramid (43). In an experimentally similar study, the 
gas-phase decarbonylation of Mn(CO) 5 (COCF 3 ) has been examined. The 
results of the study were consistent with the generally accepted solution 
state mechanism (CO loss followed by CF 3 migration) for this transforma¬ 
tion. The activation energy estimated for the gas-phase decarbonylation of 
Mn(CO)j(COCF 3 ) is 36 kcal/mol, and that for the decarbonylation of 
Mn(CO) 4 COCFjis 5-10 kcal/mol (44). 

Calculations carried out at the extended CNDO level on the carbonyla¬ 
tion reactions of the Mn(CO) s (CF B H 3 _ B ), n = 0-3, compounds indicate 
that the charge on the alkyl carbon is positive for the trifluoromethyl 
derivative, but negative for the methyl and other fluoromethyl derivatives. 
Since the calculated charge densities of the carbon atoms of the CO groups 
cis to the alkyls are also all positive, the first step postulated for the “CO 
insertion” reaction, an intramolecular nucleophilic attack of the alkyl 
group upon a neighboring CO ligand, is greatly disfavored for Mn(CO) 5 CF 3 
relative to the methyl and other fluoroalkyl derivatives (45). 
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In a theoretical examination of the carbonylation reaction of Mn(CO)j- 
CF 3 and related species that was carried out at the PRDDO and ab initio 
levels, Marynick has examined the energies of the reagents and products, as 
well as those of three probable intermediates (46). These calculations 
indicated that the (computed) difference in the Mn—CF 3 and Mn—CH 3 
bond strength is 30-40 kcal/mol and that the differences in the bonding 
MOs of the two types of Mn—C bonds are as previously described (18). 
The calculated AEs for the carbonylation reaction (which generates 
Mn(CO) 5 (COCF 3 ) from Mn(CO)jCF 3 and CO) are +18 (PRDDO) and 
+29 (ab initio) kcal/mol relative to the methyl manganese carbonylation. 
The computed activation energies of the alkyl migration step, in which an 
f^-COR transition state was assumed, were 15 kcal/mol more positive for 
the Mn(CO)jCF 3 to Mn(CO) 4 (COCF 3 ) transformation than for the analo¬ 
gous methyl group migration (46). 


D. Trifluoromethyl Derivatives of Group 8 Metals 
1. CpFe(CO) 2 CF 3 and Related Compounds 

The preparation of CpFe(CO) 2 CF 3 from CpFe(CO) 2 I and Cd(CF 3 ) 2 DME 
has been examined at ambient temperature. In CH 2 C1 2 with no AgN0 3 
added, the CpFe(CO) 2 CF 3 resonance is not observed by 19 F NMR even 
after 72 hr, but if an equimolar amount of AgN0 3 is added to the reaction 
mixture, the desired product is generated in 67% yield; 

CpFe(CO) 2 I + Cd(CF 3 ) 2 DME + AgNO } ■ CpFe(CO) 2 CFj 67% (29) 

in DME solvent, with AgN0 3 added, the yield is 68% (36). Alternatively, 
CpFe(CO) 2 CF 3 can be generated in 50-70% yield by the photolysis of the 
trifluoroacetyl derivative (39). 

In CH 2 C1 2 the reaction of 1 mol of BC1 3 with CpFe(CO) 2 CF 3 forms 
CpFe(CO) 2 CCl 3 (71%) within 5 min (39). Similarly, BBr 3 and B 2 H 6 appar¬ 
ently exchange ligands with CpFe(CO) 2 CF 3 to give CpFe(CO) 2 CBr 3 and 
CpFe(CO) 2 CH 3 , but these compounds are much less stable under the 
reaction conditions. The interaction of BC1 3 with CpFe(CO) 2 C 4 F 5 , a com¬ 
pound in which there are no fluorines attached to the a-carbon, did not 
result in an interchange of F and Cl between the carbon and boron centers 
(39). 

In benzene, the reaction of CpFe(CO) 2 CF 3 with BF 3 resulted in the 
precipitation of the difluorocarbene 

CpFe(CO) 2 CF 3 4- BF 3 [CpFe(CO) 2 CF^BF^ 81% (30) 
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in 81% yield. The reaction of 3 equivalents of BC1 3 with CpFe(CO) 2 CF 3 
gave the less stable dichlorocarbene [CpFe(CO) 2 CCl 2 ][BCl 4 ] along with 
BF 3 (47). 

Although the CpFe(CO) 2 CF£ion does readily hydrolyze to CpFe(CO) 3 + , 
under anhydrous conditions the reaction of the electrophilic CpFe- 
(CO) 2 CF 2 + cation with the electron-rich Ir(I) compound Ir(CO)(Cl)- 
(PMe 2 Ph) 2 yields a very unusual product, [Cp(CO)Fe(/i 2 -CO)(/i 2 - 
CF 2 )Ir(CO)Cl(PMe 2 Ph) 2 ][BF 4 ] in 66% yield (48). Crystallography has 
shown that in the cation, both the CO and the CF 2 bridge the Fe—Ir bond 
(48,49). The addition of the strong Lewis-acid BC1 3 to the BPh 4 salt of the 
Fe—Ir cation displaces the weaker acid, the difluorocarbene, from the Ir 
center, resulting in [CpFe(CO) 2 CF 2 ][BPh 4 ] and Cl 3 BIr(CO)Cl(PMe 2 Ph) 2 
(48). The related complexes [CpFe(CO)(PPh 3 )(CF 2 )][BF 4 ] and [CpFe- 
(CO) 2 (CCl 2 )][BCl 4 ] have also been characterized by X-ray crystallography 
(50). 

2. Cis-Fe(CO) 4 (CF 3 ) 2 and Related Compounds 

Several studies have been carried out to develop better syntheses of 
Fe(CO) 4 (CF 3 ) 2 . The initial preparation of the compound involved reflux¬ 
ing Fe(CO) 4 (COCF 3 ) 2 in heptane (98 °C) for 2 hr. The yield of Fe(CO) 4 - 
(CF 3 ) 2 from this procedure was 55% (51). Because of the success of the 
CpMo(CO) 3 (COCF 3 ) and CpW(CO) 3 (COCF 3 ) decarbonylations discussed 
above, the thermal reaction of Fe(CO) 4 (COCF 3 ) 2 in a sealed reactor using 
CH 2 C1 2 as the solvent was investigated (36): 

Fe(CO) 4 (COCF 3 ) 2 10 ^ hr . m-FetCOMCF,), 89% (31) 

Naumann has studied the trifluoromethylation of the tetracarbonyliron 
dihalides with Cd(CF 3 ) 2 DME and Cd(CF 3 ) 2 (CH 3 CN) 2 in several solvents 
under “polar” reaction conditions. Polar reaction conditions include the 
use of solvents of high Gutmann donor number, which are stated to favor 
the transfer of the softer CFj anion rather than the harder F _ anion to the 
substrate (52). 

In the iron tetracarbonyl dihalide reactions, however, Fe(CF 3 ) complexes 
were not formed even after months when py or dmf were the solvents, and 
in CH 3 CN, CO was displaced by the solvent to yield Fe(CF 3 ) and FeF 
acetonitrile complexes; Fe(CO) 4 (CF 3 ) 2 was not observed. In ether, 
Fe(CO) 4 (CF 3 ) 2 was isolated from the reaction of Fe(CO) 4 Br 2 with 
Cd(CF 3 ) 3 DME after 21 hr at 37°C. After the product had been dried at 
— 196°C in high vacuum (52), the yield was 65%. In CH 2 C1 2 , the reaction 
of the bromide with Cd(CF 3 ) 2 (CH 3 CN) 2 resulted in an explosion within 
minutes of the inception of the experiment. 
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In our own study, the interactions of Fe(CO) 4 Br 2 and Fe(CO) 4 I 2 with 
Cd(CF 3 ) 2 DME were examined in CH 2 C1 2 at ambient temperature. The 
reactions of the bromide are much faster than those of the iodide in that 
the former proceed to completion within 1.5 hr, whereas the latter require 
24 hr. The isolated yields of m-Fe(CO) 4 (CF 3 ) 2 from each of the reactions 
are similar, however, 45 and 48%, respectively (36): 

Fe(CO) 4 Br 2 + Cd(CF 3 ) 2 DME 23 ' C/1 - 5hr > Fe(CO) 4 (CF 3 ) 2 48% (32) 

The two isomers of Fe(CO) 4 I(CF 3 ) were readily isolated from the reac¬ 
tion of Fe(CO) 4 I 2 with Cd(CF 3 ) 2 DME since the m-isomer (the kinetic 
product) is less soluble in polar solvents and the tra/w-isomer (the thermo¬ 
dynamic product) is more volatile. No evidence for rra/w-Fe(CO) 4 (CF 3 ) 2 
was obtained. 

Although the addition of AgN0 3 into Cd(CF 3 ) 2 DME/Fe(CO) 4 I 2 reaction 
mixtures had no discemable effect, if small amounts (ca. 10 mol%) of the 
well-known radical trapping agent galvinoxyl were added into reactions of 
either the bromide or the iodide, no trifluoromethylation was observed by 
19 F NMR until the dark color of the radical scavenger had been discharged. 
We take this as evidence that at least in this reaction, the CF 3 transfer 
proceeds by a radical rather than an ionic mechanism. 

An alternative preparation of Fe(CO) 4 (CF 3 ) 2 (32%) involves the reaction 
of Fe(CO)j with CF 2 IS0 2 F, which yields cis- and rra/w-Fe(CO) 4 I(CF 3 ) 
(72%). Symmetrization of the iodo(trifluoromethyl)iron compound 
with AgF affords m-Fe(CO) 4 (CF 3 ) 2 (53). Like CpCr(NO) 2 CF 3 , cis- 
Fe(CO) 4 (CF 3 ) 2 is stable to air for months. When sealed into small vessels 
with Bu 2 0 and maintained at 115°C, however, the half-life of 
Fe(CO) 4 (CF 3 ) 2 is only ca. 5 hr, thus this d 6 Fe(II) compound is signifi¬ 
cantly less stable than the d 6 Cr(0) compound CpCr(NO) 2 (CF 3 ) under 
similar conditions. 

3 . Fe(diars)(CO) 2 I(COCFJ 

Since both experimental and computational results indicate that it 
should be extremely difficult to “insert” CO into an MCF 3 bond, it is 
somewhat surprising that the reaction of CF 3 I with Fe(diars)(CO) 3 , where 
diars is l,2-C 6 H 4 (AsMe 2 ) 2 , has been reported to form readily the trifluo- 
roacyl derivatives cis.cis- and dj,rrans-Fe(diars)(CO) 2 I(COCF 3 ) at temper¬ 
atures as low as — 78 °C and to yield the same products when galvinoxyl is 
present (54). Although less facile, the reaction of CH 3 I with the iron 
substrate gave similar products, but the direct reaction of CF 3 COI with 
Fe(diars)(CO) 3 yielded [Fe(diars)(CO) 3 (COCF 3 )][I] rather than the dicar¬ 
bonyl (54). 
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4. Ruthenium(II) Trifluoromethyl and Difluorocarbene Compounds 

Roper exploited a second type of reactivity that had been demonstrated 
for Hg(CF 3 ) 2 when he oxidatively added the mercurial to Ru(CO) 3 (PPh 3 ) 2 
or Ru(CO) 2 (PPh 3 ) 3 . Both reactions yielded Ru(CO) 2 (PPh 3 ) 2 (CF 3 )(HgCF 3 ) 
(55) (72%) (56). X-ray crystallography demonstrated that the compound is 
of the cis.trarts configuration and that the CF bonds of the HgCF 3 group 
are ca. 0.1 A shorter than those of the Ru bound CF 3 (55). 

Chlorination removed the HgCF 3 giving Ru(CO) 2 (Cl)(PPh 3 ) 2 (CF 3 ), and 
treatment with CH 3 CN displaced the CO trans to the CF 3 . The CF 3 can be 
converted to CO with HC10 4 , but the more interesting reaction is 

Ru(CO)Cl(PPh 3 ) 2 (CH 3 CNXCF 3 ) + HQ — Ru(COXCl) 2 (PPh 3 ) 2 (=CF 2 ) (33) 

in which the addition of dry HC1 simultaneously replaces the CH 3 CN with 
Cl - and removes F - from the CF 3 substituent forming a Ru(II) difluoro¬ 
carbene (55). Exposure of Ru(CO) 2 (ClXPPh 3 ) 2 (CF 3 ) to BC1 3 forms the 
dichlorocarbene Ru(CO)(Cl) 2 (PPh 3 ) 2 (=CCl 2 ) in high yields (56). 

The Ru(II) difluorocarbene is very easily hydrolyzed and it also reacts 
with HOCH 2 CH 2 OH to form the =C(OCH 2 ) 2 carbene. The reactions of 
the difluoride with NHMe 2 or CH 3 OH give the monofluorocarbene lig¬ 
ands =CF(NMe 2 ) and =CF(OMe), respectively (55). 

The reaction of Ru(CO) 2 (PPh 3 ) 2 (CF 3 )(HgCF 3 ) with Br 2 in CH 2 C1 2 yields 
RuBr(CO) 2 (PPh 3 ) 2 (CF 3 ) (82%). The attempted preparation of the dibro- 
mocarbene complex by the reaction of the bromo Ru(II) compound with 
BBr 3 , however, resulted in the separation of the bicyclic 
RuBr 2 (CO)[=CC 6 H 4 PPh 2 ) 2 ] instead. The last product can be viewed as 
arising from the intramolecular elimination of 2 mol of HBr from the 
expected dibromocarbene complex (56). 

5. Ru(0) and Os(O) Trifluoromethyl and Difluorocarbene Compounds 

Because attempted oxidative additions of Hg(CF 3 ) 2 to Os(0) compounds 
proved to be only marginally successful, the reactions of Cd(CF 3 ) 2 DME 
were examined. As shown in 

Ru(CO) 2 (PPh 3 ) 3 + Cd(CF 3 ) 2 DME — Ru(CO) 2 (PPh 3 ) 2 (=CF 2 ) (34) 

the reaction with Ru(CO) 2 (PPh 3 ) 3 resulted in the direct formation of a 
Ru(0) difluorocarbene. In this product, the phosphines occupy the axial 
positions (57). Although Cd(CF 3 ) 2 DME has been shown to be an effective 
CF 2 source as well as a trifluoromethylating agent (31), the postulated 
mechanism of the reaction involves oxidative addition of the Cd(CF 3 ) 2 in a 
manner similar to that of the Hg(CF 3 ) 2 addition discussed above, followed 
by a 1,2 elimination of CdF(CF 3 ) from the Ru(II)(CF 3 )(CdCF 3 ) interme¬ 
diate (57). 
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The difluorocarbene in this more electron-rich Ru(0) compound is 
much less reactive toward nucleophiles than the Ru(II) difluorocarbene, 
but it does interact with NH 2 CH 3 to generate the RuCNMe derivative, and 
with Ag + . Dry HC1 instantaneously adds across the Ru—C double bond to 
give Ru(CO) 2 Cl(PPh 3 ) 2 (CF 2 H) from which F~ can be abstracted with a 
second mole of HC1. The product is the monofluorocarbene Ru(CO)- 
(Cl) 2 (PPh 3 ) 2 (=CFH) (57). 

Osmium(O) complexes like OsCl(NO)(PPh 3 ) 3 react with Cd(CF 3 ) 2 DME 
similarly to give, e.g., Os(Cl)(NO)(PPh 3 ) 2 (=CF 2 ) (80%) (58). In CH 2 C1 2 
the Os(0) difluorocarbene can be oxidized with Cl 2 in the presence of LiF 
to form the Os(II) trifluoromethyl compound. 

OsCl(NOXPPh 3 ) 2 (=CF 2 ) + a 2 + LiF — OsQ 2 (NOXPPh 3 ) 2 CF 3 100% (35) 

The reaction of I 2 is similar (58,59). 


E. Trifluoromethyl Derivatives of Group 9 Metals 

1. Synthesis of CpCo(CO)(CF 3 ) 2 

Very soon after the reactivity of Cd(CF 3 ) 2 DME toward main group 
halides (31) and group 10 dihalides (32) had been established, we set out to 
determine if the cadmium reagent was effective in trifluoromethylating 
representative organometallic compounds. One of the first substrates cho¬ 
sen was CpCo(CO)I 2 , which was selected because the mono-trifluoro- 
methyl derivative was known, but the disubstituted compound was not. 
The results of this reaction are (60) 

CpCo(CO)I 2 + CdfCFj^DME CpCo(COXCF 3 ) 2 63% (36) 

The very volatile CpCo(CO)(CF 3 ) 2 is stable toward air for months, and 
the half-life of sealed samples dissolved in Bu 2 0 is ca. 260 hr at 115°C. 
This d 6 Co(III) compound is thus more stable thermally than the d 6 Fe(II) 
compound Fe(CO) 4 (CF 3 ) 2 , but less enduring than the d 6 Cr(0) species 
CpCr(NO) 2 CF 3 discussed above. For comparison, the half-life of the meth¬ 
ylated derivative, CpCo(CO)(CH 3 ) 2 , is ca. 11 hr at ambient temperature. 

2. Electrochemical Reduction of Co(III) — R f Compounds 

Few electrochemical studies have been carried out on perfluoroalkyl 
derivatives of transition metals, but polarographic and cyclic voltammetric 
measurements have been reported for a series of Co(salen)R complexes in 
which R was CF 3 and CH 3 , among others (61). These studies indicated 
that in THF the reduction of Co(-salen)CF 3 to Co(salen)CFj is 0.574 V 
easier (less negative) than the corresponding reduction of the methyl 
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Co(III) complex. These findings can be rationalized on the basis of the 
higher electronegativity of CF 3 . The reduced product, Co(salen)CFj is 
much more stable in solution than the methyl analog, but it does slowly 
decompose. A second observed reduction, to Co(salen)CF|“, was irrevers¬ 
ible (61). 

3. Thermodynamics and Kinetics of Co(III) — R f Compounds 

Studies of the relative binding energies of the sixth ligand to a series of 
CF 3 - and CH 3 -substituted Co(III) coordination complexes RCoL 4 , where 
L 4 is a tetradentate base, e.g., bis(acetylacetone)ethylenediimine(bae), 
found that the bond enthalpies for a typical monodentate ligand like 
pyridine at the sixth coordination site (trans to R) are higher for the CF 3 
derivatives than the CH 3 derivatives, e.g., by 6 kcal/mol for bae. Similarly, 
fluorination of the L 4 entity increases the Co—py bond enthalpy, but to a 
smaller extent, e.g., 2 kcal/mol for bae (62). 

In addition, as part of a kinetic examination of the rates of ligand 
displacement by H 2 0 in trifluoromethyl cobaloximes, the pK a of the 
CF 3 —Co(III) aquo derivative (—1.36) was found to be significantly lower 
than that of alkylcobaloximes (0.0 to 0.67) (63). The differences between 
the results for the CH 3 and CF 3 substituents in both sets of experiments 
was attributed to the greater electron-withdrawing ability of the CF 3 group. 
(Trifluoromethyl) cobaloxime was chosen for the second study because it is 
much more stable toward strong aqueous acids than the alkylcobaloximes 
(63). 

4. RhfCOHPPhJfCFJ and Related Compounds 

Roper has shown that in refluxing benzene, the Rh(I) complex 
Rh(H)CO(PPh 3 ) 3 reacts with Hg(CF 3 ) 2 to form a Rh(I) trifluoromethyl 
derivative Rh(CO)(PPh 3 ) 2 (CF 3 ) (77%) and that when treated similarly, 
the Rh(III) compound Rh(Cl) 2 (H)(PPh 3 ) 3 forms a mixture of 
Rh(Cl) 2 (PPh 3 ) 2 (CF 3 ) (10%) and Rh(Cl) 2 (PPh 3 ) 2 (CF 2 H) (38%) (64). The 
Rh(I) trifluoromethyl compound adds CO, C 2 H 4 , and H 2 reversibly, and 
it can be halogenated to yield, e.g., cis, /ra«i-Rh(CO)(Cl) 2 (PPh 3 ) 2 (CF 3 ) in 
84% yield. However, the attempted oxidative addition of CH 3 I to 
Rh(CO)(PPh 3 ) 2 (CF 3 ) resulted in the formation of the acyl derivative 
Rh[C(0)CH 3 ](PPh 3 ) 2 I(CF 3 ) (70%) rather than the expected methyl spe¬ 
cies. Finally, the reaction of the Rh(I) trifluoromethyl compound with dry 
HC1 gave the difluoromethyl Rh(III) product. 

Rh(COXPPhj) 2 (CF 3 ) + Ha — Rh(COXa) 2 (PPhj)j(CF 2 H) 48% (37) 

Carbonylation of the five-coordinate Rh(Cl) 2 (PPh 3 ) 2 (CF 2 H) produced 



Transition Metal Triftuoromethyl 


229 


above also yielded the product shown in Eq. (37) in 95% yield. In both 
cases, the conversion of the CF 3 ligand to a CF 2 H ligand was thought to 
involve the intermediacy of a Rh(III) difluorocarbene (64). 

5. Trifluoromethyl Ir(lll) Compounds 

Reaction of Ir(CO)(Cl)(PPh 3 ) 2 with CF 3 I gave the previously known 
Ir(CO)(Cl)(I)(PPh 3 ) 2 CF 3 (73%) from which the iodide (the ligand trans to 
CF 3 ) can be removed with Ag + in acetonitrile (65). By the addition of 
milder (BEt 3 H~) or stronger (BH 4 - ) reducing agents, the cation, 
Ir(CH 3 CN)(CO)(Cl)(PPh 3 ) 2 CF 3 + , can be reduced to either the mono (99%) 
or the dihydride (84%): 

Ir(CH 3 CNKCOXaXPPh 3 )2(CF3) + + BH 4 -> Ir(COXH) 2 (PPh 3 ) 2 (CF 3 ) (38) 

Attempts to deprotonate the dihydride were unsuccessful (65). 

The reaction of Ir(CO)(Cl) 2 (PPh 3 ) 2 (CF 3 ), formed from the cation in Eq. 
(33) above and NaCl, with 2 equivalents of BC1 3 generated an unstable 
dichlorocarbene, but this compound immediately underwent intramolecu¬ 
lar cyclization of the type discussed above for the Ru(II) analog (66). 

6. The Trifluoromethyl Analog of Vaska’s Complex 

Roper has synthesized Ir(CO)(PPh 3 ) 2 CF 3 by the double decarbonylation 
of Ir(CO) 2 (PPh 3 ) 2 (COCF 3 ), the reaction of Hg(CF 3 ) 2 with Ir(CO) 2 H- 
(PPh 3 ) 2 followed by decarbonylation, and the direct reaction of Ir(CO)(H)- 
(PPh 3 ) 3 with Hg(CF 3 ) 2 (67). This long sought derivative of Vaska’s com¬ 
plex adds CO (98%), Cl 2 (92%), HC1 (92%), H 2 (90%), and CH 3 I (89%). In 
the six-coordinate products, both cis- and trans -adducts were found. The 
CH 3 I adduct is a relatively rare case in which both CH 3 and CF 3 groups are 
attached to the same transition metal atom. The reaction of Ir(CO) 2 - 
(PPh 3 ) 2 CF 3 with C 2 F 4 generated Ir(COXPPh 3 ) 2 (C 2 F 4 )(CF 3 ), 92% (67). 

The addition of Cd(CF 3 ) 2 DME to Ir(CO) 2 (PPh 3 ) 2 (CF 3 ), Ir(CO)- 
(PPh 3 ) 2 (CF 3 ), or Ir(CO)(Cl)(PPh 3 ) 2 results in Ir(CO)(=CF 2 )- 
(PPh 3 ) 2 (CF 3 ), the only known complex that contains both CF 2 and CF 3 
ligands. The last reaction is unique in that Cd(CF 3 ) 2 DME acts as both a 
trifluoromethylating agent and a difluorocarbene source simultaneously. 

Ir(C»XaXPPh 3 ) 2 + Cd(CF 3 ) 2 DME-Ir(COX=CF 2 XPPh 3 ) 2 (CF 3 ) 87% (39) 

In the Ir(CF 2 XCF 3 ) derivative, the CF 3 group is axial, and the CF 2 group is 
equitorial, as might be expected. Treatment of Ir(CO)(=CF 2 )(PPh 3 ) 2 (CF 3 ) 
with H 2 0 slowly hydrolyzes the CF 2 ligand to CO, giving 
Ir(CO) 2 (PPh 3 ) 2 (CF 3 ) (57%), while the addition of aqueous HC1 results in 
Ir(CO)(Cl)(HXPPh 3 ) 2 (CF 3 ) (59,67). 
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F. Trifluoromethyl Derivatives of Group 10 Metals 
1. Silver-Assisted Trifluoromethylations ofNi, Pd, and Pt Dihalides 

In order to better assess the efficiency of the silver-assisted trifluoro¬ 
methylations described earlier, we elected to reexamine the reactions of the 
group 10 diligand dihalides with Cd(CF 3 ) 2 DME. The reactions were all 
carried out in CH 2 C1 2 at ambient temperature with one equivalent of silver 
salt for each equivalent of the group 10 halide. The results of these reac¬ 
tions are 

NiCl 2 (PMe 3 ) 2 + Cd(CF 3 ) 2 DME + AgOAc Ni(CF 3 ) 2 (PMe 3 ) 3 24% (40) 

PdCl 2 (PEt 3 ) 2 + Cd(CF 3 ) 2 DME + AgOAc Pd(CF 3 ) 2 (PEt 3 ) 2 77% (41) 

PtI 2 (PEt 3 ) 2 4- Cd(CF 3 ) 2 DME + AgOAc Pt(CF 3 ) 2 (PEt 3 ) 2 86% (42) 

To more fully appreciate the benefits of the silver salt additions, the 
reaction conditions and the yields obtained from this study should be 
compared to those contained in Eqs, (12)-(14). 

One of the most interesting aspects of these reactions was found in the 
trifluoromethylations of NiCl 2 (PMe 3 ) 2 . The expected product, trans- 
Ni(CF 3 ) 2 (PMe 3 ) 2 , could be observed spectroscopically, but this compound 
clearly decomposed at ambient temperature (f, /2 ~ 1 hr) into, among 
others, Ni(CF 3 ) 2 (PMe 3 ) 3 . If excess PMe 3 was added to the reaction mixture 
after 10 min, however, the much more stable Ni(CF 3 ) 2 (PMe 3 ) 3 could be 
isolated in 24% yield {36). This is the same compound that was isolated by 
Firsich and Lagow from the metal atom reactions with CF 3 radicals in 
1981 (25). 

In several of the Pd and Pt trifluoromethylations, CuBr was added to the 
reaction mixture rather than AgOAc. In those instances the trifluorometh¬ 
ylations proceeded even more rapidly, but the yields were somewhat lower, 
71% for Pd(CF 3 ) 2 (PEt 3 ) 2 and 73% for Pt(CF 3 ) 2 (PEt 3 ) 2 {36). 


2. Trifluoromethyl Platinum(If) and Platinum(IV) Compounds 

The chemistry of trifluoromethylated platinum compounds continues to 
be an area of great interest. Lin and Klabunde have shown that platinum 
atoms react with CF 3 I, but not CF 3 Br or CF 3 C1, and that, in general, 
platinum atoms seem to be less reactive than those of Pd or Ni (65). The 
norbomadiene (NBD) ligand can be more easily displaced by weak bases 
like pyridine than COD, and the preparation and oxidations of a series of 
Pt(CF 3 ) 2 compounds containing S-, N-, and O-donor ligands has been 
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examined. Under fluorescent light one of these compounds, Pt(py) 2 (CF 3 ) 2 , 
oxidatively added CF 3 I to generate fac-PtI(py) 2 (CF 3 ) 3 , the first transition 
metal compound to contain three CF 3 ligands (69- 71): 

Pt(py) 2 (CF 3 ) 2 + CF 3 I - fac-Pt(py) 2 (IXCF 3 ) 3 (43) 

In another study, the potentially tetradentate 2,2'-bipyrimidyl ligand 
(which contains four nitrogen atoms) was first coordinated to a Pt(CF 3 ) 2 
and then to a PtMe 2 fragment, generating a molecule with a Pt(CF 3 ) 2 group 
on one side and a PtMe 2 group on the other (72). 

Roundhill has shown that the CF 3 group can be cleaved from trans- 
PtCl(PPh 3 ) 2 (CF 3 ) by LiNMe 2 to give NMe 2 (CF 3 ). The proposed mecha¬ 
nism invokes direct attack of NMejon the CF 3 ligand (73). 

The Italian group has examined a series of Pt(II) trifluoromethyl com¬ 
pounds that contain peroxo, hydrido, and alkoxy ligands along with the 
CF 3 group (27,74). In several cases the CF 3 (75) [or CO (76)] ligands have 
been converted into Fischer-type carbenes as 

/ww-Pt(HXPPh 3 ) 2 (CF 3 ) + HBF 4 + MeOH — Pt(HXPPh 3 ) 2 [=C(OMe) 2 ] + (44) 

and in others the CF 3 group serves as a spectator ligand (77). 

Finally the UV-PES spectra of a number of cw-Pt(CF 3 )L 2 complexes 
have been compared and contrasted with those of their dimethyl analogs. 
The assignments were made with the aid of MS-Xa calculations, which 
indicated that the Pt—CF 3 bond has significant C-2y and C—F antibond¬ 
ing character (78). 


G. Trifluoromethyl Derivatives of Group 11 Metals 
1 . Copper Trifluoromethyl Compounds 

Copper trifluoromethyl has been synthesized by a number of techniques, 
including the reaction of CuBr with Cd(CF 3 ) 2 DME in basic solvents, and 
by the reaction of CuBr with CC1 2 F 2 or CBr 2 F 2 and elemental cadmium in 
DMF (79,80). (Trifluoromethyl)copper, which exists in solution along 
with other Cu species including Cu(CF 3 )j, is thermally unstable and slowly 
decomposes into CuC 2 F 3 and CuC 3 F 7 . The addition of PMe 3 into CuCF 3 - 
containing solutions slows but does not stop the decomposition, presum¬ 
ably because PMe 3 is not sufficiently strongly coordinated to CuCF 3 to 
stabilize the complex (50). As yet, no simple derivative of CuCF 3 has been 
isolated and characterized, but in an extensive series of investigations. 
Burton and co-workers have shown that CuCF 3 can be generated in situ 
and then immediately utilized for the trifluoromethylation of oiganic sub¬ 
stances (79,81). 
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Burton et al. have also isolated and characterized the very unusual 
Cu(III) trifluoromethyl compound Cu(S 2 CNEt 2 )(CF 3 )2 in which the coor¬ 
dination of the d % Cu(III) ion is essentially square planar (82). 

2. Silver Trifluoromethyl Compounds 

Cocondensation of Ag atoms with CF 3 radicals, followed by the addition 
of PMe 3 , gave the very light-sensitive Ag(PMe 3 )(CF 3 ) (24%) (83). This 
compound is also available in 36% yield from etherial solutions of AgOAc 
and Cd(CF 3 ) 2 DME to which PMe 3 was later added (80). In the absence of 
added PMe 3 , AgCF 3 begins to decompose at — 10°C (83), and the products 
have been identified as Ag° and the Ag(III)-containing Ag(CF 3 ) 4 ~ ion 
(86%), which are thought to arise from the disproportionation of the 
trifluoromethyl Ag(I) species (84). 

3. Gold Trifluoromethyl Compounds 

The Au(I) trifluoromethyl compounds Au(PR 3 )(CF 3 ), R=CH 3 , C 2 H 3 , 
and C 6 H s , can all be formed in good yield from the interactions of the 
halides with Cd(CF 3 ) 2 DME in CH 2 C1 2 (80,85). Unlike the Au(I) alkyls, the 
trifluoromethyl derivatives can be halogenated with, e.g., Br 2 to form 
Au(III) trifluoromethyl dihalides (85). 

The stability of the trivalent state of Au is quite sensitive to the nature of 
the ligands. For example, CF 3 I [but not CH 3 I (55)] oxidatively adds to 
Au(PMe 3 )(CF 3 ) rapidly and qualitatively to generate m-Au(I)(PMe 3 )- 
(CF 3 ) 2 (80,85). The oxidative addition to the PEt 3 derivative, however, 
yields a mixture containing gold in both oxidation states (50). Trifluoro¬ 
methyl iodide addition is not observed with the PPh 3 compound (55). The 
CF 3 I additions are quenched by the addition of galvinoxyl, an indication of 
a radical intermediate (80,85). 

In the absence of CF 3 I, Cd(CF 3 ) 2 DME is not an effective reagent for the 
trifluoromethylation of the Au(III) halides, but if CF 3 I is added, 
AuPMe 3 (CF 3 ) 3 can be isolated in 80% yield (55). Metal atom reactions 
with cocondensed CF 3 radicals have also resulted in Au(PMe 3 )(CF 3 ) 3 
(20%), but in the absence of added ligand, Au(CF 3 ) 3 begins to decompose 
at 0°C (SJ). Typically, the phosphine-stabilized trifluoromethyl gold com¬ 
pounds are reasonably air stable, and the PMe 3 derivatives are noticeably 
more long lived than the PEt 3 compounds. In the absence of light, the 
thermal stability order of the trifluoromethyl group 11 PMe 3 compounds is 
Au > Ag > Cu (50). 

Finally, the Cd(CF 3 ) 2 DME trifluoromethylation of the gold ylide dimer 
[Au(CH 2 ) 2 PPh 2 ] 2 Br 2 in CH 2 C1 2 resulted in the formation of [Au- 
(CH 2 ) 2 PPh 2 ] 2 (CF 3 )2 (50%), the first Au(II) trifluoromethyl complex (86). 
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H. Trifluoromethyl Derivatives of Group 12 Metals 

1 . Synthesis of Zn(CF 3 ) 2 L 7 Compounds 

Since Cd(CF 3 ) 2 DME is ordinarily vastly superior to Hg(CF 3 ) 2 as a tri- 
fluoromethylating agent, it seems only reasonable to assume that trifluoro¬ 
methyl zinc compounds might well be even more effective. Diligand 
Zn(CF 3 ) 2 complexes have been prepared by a number of routes, including 
the reactions of Zn(CH 3 ) 2 with Hg(CF 3 ) 2 (87) or CF 3 I (88) in basic solvents 
like pyridine, dimethoxyethane, and acetonitrile. 

In practice, however, the trifluoromethylating ability of the diligand 
Zn(CF 3 ) 2 systems that have been investigated to date has been disappoint¬ 
ing since the reactivity of the zinc compounds has been much less than that 
of the cadmium-based systems. As far as we are aware, the results of our 
study on the trifluoromethylation of SnBr 4 are typical: The reactivity of 
the group 12 trifluoromethyl species examined falls in the order 
Cd(CF 3 ) 2 DME » Zn(CF 3 ) 2 (py) 2 > Zn(CF 3 ) 2 (CH 3 CN) 2 » Hg(CF 3 ) 2 (33). 
As a result, at the present time the use of Zn—CF 3 compounds is restricted 
to the preparation of fluorinated organic compounds, species that can 
easily withstand the thermal, ultrasound, or microwave excitation condi¬ 
tions that are generally required to induce reactions in the Zn(CF 3 ) 2 L 2 
system. 

Presumably, the difficulties associated with Zn(CF 3 ) 2 L 2 trifluorometh- 
ylations could be considerably reduced by utilizing a more weakly coordi¬ 
nating base. This alteration of the ligand, however, would almost surely 
reduce the thermal stability of the reagent. For example, in the weakly 
coordinating solvent CH 2 C1 2 , the decomposition temperature of unligated 
Zn(CF 3 ) 2 has been determined to be — 40°C (26). 

2 . Cd(CF i ) 2 DME 

Much of the inorganic chemistry of Cd(CF 3 ) 2 DME has been recounted 
in the proceeding sections where the diligand Cd(CF 3 ) 2 complexes have 
been shown to be effective fluorinating agents (89), difluorocarbene 
sources, or trifluoromethyl donors, depending upon the nature of the 
substrate, the solvent, and the ligand. In one case, Cd(CF 3 ) 2 DME served as 
a CF 2 and CF 3 donor simultaneously (67). In the absence of added base, 
Cd(CF 3 ) 2 decomposes at 0°C in CH 2 C1 2 (26). 

It should be noted here, however, that trifluoromethyl Cd compounds 
are becoming increasingly widely used in organic chemistry, particularly 
for the trifluoromethylation of organic (aryl) halides (90). One simple 
illustration of the versatility of the Cd reagent in carbon chemistry is that in 
CH 2 C1 2 , Cd(CF 3 ) 2 DME fluorinates PhC(0)Cl in 86% yield, and the liber- 
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ated CF 2 can be trapped as C 2 F 4 in 40% yield (31). Alternatively, however, 
in pyridine, the reaction predominantly results in trifluoromethylation, 
and the ketone, PhC(0)CF 3 , can be separated in 61% yield (91). 

3. Hg(CFJ 2 

With the advent of the cadmium-based trifluoromethylating agents, the 
use of Hg(CF 3 ) 2 in transition metal chemistry has become largely that of a 
compound useful for oxidative-addition reactions of electron-rich sub¬ 
strates, a type of reactivity that was first observed by Reutov et al. in Pt(0) 
systems (92). In main group chemistry, Hg(CF 3 ) 2 can be used as either a 
fluorinating agent [with electron-poor species like the diboron tetrahalides 
(93)] or as a trifluoromethylating agent. For the latter function, the mer¬ 
curial can be utilized somewhat more easily with main group substrates 
than with transition metal derivatives since trifluoromethyl containing 
main group compounds are often even more thermally stable than transi¬ 
tion metal trifluoromethyl compounds. 

For comparative purposes, some typical conditions that have been em¬ 
ployed for ligand exchange reactions between Hg(CF 3 ) 2 and group 5A(15) 
and group 6A(16) halides are 


Hg(CF 3 )j + TeBr 4 IJrCvaif > Te(CFj)j 

92% 

(45) 

Hg(CF 3 ) 2 + SeBr 4 2l0 ‘ C/4Sh, > Se<CF 3 ) 2 

67% 

(46) 

Hg(CF 3 ) 2 + Sbl 3 l<S,C/8h, » Sb(CF 3 ) 3 

63% 

(47) 

Hg(CF 3 ) 2 + AsI 3 As(CF 3 ) 3 

75% 

(48) 

Hg(CF 3 ) 2 + PI 3 l6 °‘ /68hr » P(CF 3 ) 3 55% 

(49) 


These, of course, are thermal conditions that very few transition metal 
organometallic compounds could withstand (94). 

IV 

SYNOPSIS OF TRIFLUOROMETHYL METAL STRUCTURAL DATA 

Because the trifluoromethyl group has some of the attributes of a halo¬ 
gen and some of an alkyl, there are two obvious comparisons for the 
molecular structures of trifluoromethyl organometallic compounds. The 
first is to chlorides, compounds in which the CF 3 group has replaced a 
halide of equivalent electronegativity (16). Recently, the structure of 
CpCr(NO) 2 CF 3 has been obtained, and within experimental uncertainty, 
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all but one of the parameters for the spectator ligands are unaffected by the 
CF 3 for Cl substitution. The lone exception is the NO bond length, which is 
slightly longer in the CF 3 compound (1.18 A) (41) than in the chloride 
(1.14 A) (95). The average C—F bond lengths (1.356 A) and FCF bond 
angles ( 103 . 5 °) are typical of those found in very thermally stable CF 3 
derivatives (41). For example, they are very similar to the 1.363 A and 
103.0° values found for the CF 3 group in Cp*Mo(CO) 3 CF 3 (40) and near 
the 1.404 A and 99.1° found in tra«i-PtH(PPh 3 ) 2 (CF 3 ) (75). The decrease 
from the tetrahedral bond angle can be explained by Bent’s rule (/). 

The M—C bond lengths decrease when the difluorocarbene cation is 
formed and the bond shortening is 0.28 A in Cp*Mo(CO)^CF 2 + (40). The 
C—F bond length is also shorter in the carbene by 0.05 A, and the FCF 
angle is reduced to 98.2°. These last are very typical of the CF 2 groups in 
M=CF 2 compounds and comparable to those in CpFe(CO)(PPh 3 )(CF 2 ) + 
(50). The FCF angle in Ru(CO) 2 (PPh 3 ) 2 (=CF 2 ), however, is only 88.7° 
(57). In the Fe—Ir complex (48), the C—F bond length of the bridging 
CF 2 group is 1.367 A and the FCF bond angle is 103.0°. The classic 
example of the differences in bond length between M—CF 3 and M=CF 2 
bonds, of course, is provided by Roper and co-workers’ complex, 
Ir(CO)(PPh 3 ) 2 (=CF 2 )(CF 3 ), in which the bond lengths are 1.874 A for the 
Ru=CF 2 bond and 2.095 A for the M—CF 3 bond (67). 

Typically, the difference between the M—CH 3 and M—CF 3 bond 
lengths in similar complexes is ca. 0.05 A with the latter expected to be the 
shorter. In Ir(CO)I(CH 3 )(CF 3 )(PPh 3 ) 2 , however, the reverse is true in that 
the Ir—CH 3 bond appears to be somewhat (ca. 0.03 A) shorter than the 
Ir—CF 3 bond (67). 

Finally, as noted above, in Ru(CO) 2 (PPh 3 ) 2 (CF 3 )(HgCF 3 ) the C—F 
bonds of the trifluoromethyl group attached to the mercury (1.29 A) are 
shorter than those of the trifluoromethyl group attached to the Ru (1.38 A) 
(55). This is in accord with the general expectation, but one interesting fact 
is that the corrected C—F bond distance (1.349 A) in the parent mercurial, 
Hg(CF 3 ) 2 , is longer by 0.06 A than in the Ru derivative (96). Thus two- 
thirds of the difference between the two C—F bond lengths in the Ru 
compound comes from the contraction of the C—F bond length of the 
mercurial upon substitution. 


V 

PROSPECTS 

The CF 3 ligand is a highly desirable ligand for many applications in both 
organic and inorganic chemistry. As discussed above, in transitional metal 
organometallic chemistry, the substitution of a CF 3 group for a CH 3 group 
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commonly dramatically improves the thermal, oxidative, and hydrolytic 
stability of the product. Simultaneously, it provides an almost unique 
spectroscopic probe since the 19 F NMR chemical shift range of trifluoro- 
methyl metal compounds is in a region of the spectrum that is largely 
unencumbered by resonances derived from unrelated species. Similarly, 
the CF stretches in the IR (ca. 1000 cm -1 ) are often well separated from the 
absorptions due to other chromophores. 

On a second level, the introduction of a CF 3 group in place of a CH 3 
substituent often has subtle effects on the remainder of the molecule. For 
example, due to the high trans-influence of CF 3 , the bond lengths of other 
groups are often increased slightly with a concomitant increase in reactiv¬ 
ity. The relative stability of the higher oxidation states of metals is often 
dramatically affected, which strongly influences reactions of the oxidative- 
addition type. An even longer-range effect can be found in some of 
Schrock’s polymerization catalysts, which are much more efficient when 
partially fluorinated alcoxides are coordinated to the metal than when the 
comparable hydrogenated alcoxides are. Because of the unique nature of 
the CF 3 ligand, a substituent not found in nature and first nurtured to life 
in Harry Emeleus’ laboratory, there has been a steadily growing interest in 
chemistry of trifluoromethylated compounds. The present summary has 
presented much of the work that has been carried out during the past 
decade, but what of the future? 

Obviously, to examine the chemistry of new compounds there must first 
be a preparative route to these species. During the past decade, consider¬ 
able progress has been made in learning how to utilize the newer reagents 
that have been developed, and especially Cd(CF 3 ) 2 DME in the presence of 
silver salts and as a CF 2 transfer reagent; but many, if not most of the 
potential substrates, have not yet been examined. Beyond these studies, 
however, there remains a variety of interesting questions. One trivial exam¬ 
ple is, How does one make any trifluoromethyl derivative of any of the 
lanthanides or the actinides? A second example is. How does one selec¬ 
tively substitute organic species, especially biologically active compounds 
with a trifluoromethyl group? At least on the basis of the present knowl¬ 
edge, these types of questions will only be answered when reagents even 
more effective than the cadmium reagent have been developed. 
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INTRODUCTION 


A. Historical Perspective 

The field of organotin chemistry has a long history that started as early as 
1849, when Frankland isolated a specimen of diethyltin diiodide (1,2). In 
1852, Lowich independently reported on the reaction of alkyl halides with 
a tin-sodium alloy giving alkyltin compounds (3). This last publication is 
usually considered to represent the beginning of organotin chemistry. 

By 1935, about 200 publications concerning organotin chemistry had 
appeared in the literature. Important names in the development of organ¬ 
otin chemistry at that time were Krause in Germany, Kraus in the United 
States, and Kozeshkov in Russia [for a review, see Ref. (4)]. The discovery 
of industrial applications of organotin compounds as stabilizers against 
loss of HQ in polyvinyl chloride (5-7), as agrochemicals (8-11), as wood 
preservatives (12-16), and biocides (17-19) produced a renaissance of 
organotin chemistry. Particularly van der Kerk and his group in the Neth¬ 
erlands played a dominant role in this development [see Refs. (20) and 
(21) and references cited therein]. 

It was not until the early sixties that it was recognized that the tin atom 
in organotin compounds is capable of extending its coordination number 
beyond four. Based on colligative studies, a polymeric structure was pro¬ 
posed for trimethylpyrazolyltin in apolar solvents with pentacoordinate tin 
centers; see Fig. la (22). Similarly, on the basis of IR spectroscopic studies, 
oligomeric structures with pentacoordinate tin centers were proposed for 
trimethyltin fluoride (23) and trimethyltin carboxylates (24-26) in which 
a fluoride or carboxylate group bridge trimethyl tin units; see Fig. lb. 
However, the trimethyltin chloride pyridine adduct. Fig. lc, was the first 
authenticated five-coordinate triorganotin halide complex for which the 
structure was proven by an X-ray crystal structure determination (27). 

Although divalent inorganic tin compounds have been known for a long 
time, 2 it was in 1956 that the first example of a divalent organotin com¬ 
pound, i.e., bis(cyclopentadienyl)tin(II), was reported (29). 


B. Tin: Its Bonds and Valency 

In the periodic table of the elements, tin is listed in group 14, together 
with the elements carbon, silicon, germanium, and lead. The four electrons 

2 The hist scientist who experimentally demonstrated the existence of two oxidation states 
of tin seems to have been B. Pelletier in 1792 (28). 
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a be 

Fig. 1. 


in the valence shell of the tin atom have the 5s 2 5p 2 electronic configura¬ 
tion. These valence electrons can undergo sp 3 hybridization, and tetrava- 
lent tin atoms are therefore tetrahedral. The bonding of tin is almost 
entirely covalent, at least in crystalline solids, in nonpolar solvents and in 
the vapor phase. This is true even for tin—halogen bonds. The polarity 
that should follow from the difference in electronegativities is not ob¬ 
served, probably because of the large bond lengths. 

Within group 14, the bond lengths to carbon increase considerably: 
C—C 1.54, C—Si 1.94, C—Ge 1.99, C—Sn 2.15, and C—Pb 2.29 A. 
The increased bond length for tin is the cause of the increased reactivity 
and the related lower thermal stability of the tin alkyls compared with their 
C, Si, and Ge analogs. Long bonds naturally have low strength and also 
lessen the screening of the central atom by the ligands. Attacking reagents 
thus have easier access. This is particularly evident in organolead com¬ 
pounds (30). 

Tin, like its congeners germanium and lead, can form compounds in the 
II + formal oxidation state. Such compounds may be regarded as carbene 
analogs (31,32). Their main characteristics are that there are only six 
electrons in the valence shell and that one electron pair is nonbonding. 
This nonbonding electron pair may occupy one orbital with antiparallel 
spins (singlet, 1 er 2 ) or two different orbitals with antiparallel (singlet, x ap) or 
parallel spins (triplet, 3 ap). In contrast to carbenes, the heavier analogs all 
have one property in common: The energetically most favorable electronic 
state is the singlet l o 2 one (31). There are two ways to describe the structure 
of these singlet carbene analogs: (i) the nonbonding electron pair occupies 
an s orbital, the bonding electrons occupy p orbitals, and the third p orbital 
remains empty. The bond angles should then be strictly 90° (Fig. 2A), and 
(ii) both nonbonding and bonding electron pairs occupy sp 2 -hybrid orbitals 
while again a p orbital is unoccupied. In this case, the bonding angle should 
be 120° (Fig. 2B). 

When the experimentally determined bond angles of carbene analogs are 
compared, e.g., in MX 2 (M = Si, Ge, Sn, Pb, and X = F or Cl), the values 
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are found to be between these two possibilities (31). With increasing 
atomic number of the central atom, the angles seem to approach 90°. The 
deviation from the angles predicted by the models A and B is accounted for 
by repulsion forces between the ligands (model A) or repulsion between the 
lone pair and the ligands in model B (valence-shell electron-pair repulsion 
theory) (33-35). For heavy elements, model A seems to be more impor¬ 
tant, and it is expected that divalent tin compounds have this geometry. 
For all inorganic divalent tin compounds known, so far this is the case 
(36). It should be noted that the nonbonding electron pair at the tin atom 
is not stereochemically active because it is located in a radially distributed s 
orbital. However, structures of solid tin(II) compounds often show the 
contrary (36). It is therefore assumed that the s orbital is mixed with 
energetically favorable orbitals, allowing a deviation from a spherical shape 
(37,38). 

C. Principal Coordination Geometries at the Tin Center in Organotin Compounds 

Since empty 5 d orbitals of suitable energy also may be involved in the 
hybridization in divalent as well as in tetravalent tin, higher coordination 
numbers at tin are possible. In Fig. 3, the principal coordination geome¬ 
tries for both divalent and tetravalent tin are given, while it is assumed that 
in the case of divalent tin, the lone pair is also involved in the hybridiza¬ 
tion. 

Some general trends for organotin coordination compounds [see Ref. 
(39) and references cited therein] have been well established. Based on the 
decreasing Lewis acidity with increasing number of organic groups present 
at tin, tetraorganotin compounds were regarded until recently as being 
unable to extend their coordination number due to the poor acceptor 
properties of the tin atom in these compounds. However, various examples 
showing that this assumption needs correction are now known. 
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(3D> S { (j7 Sn ^- (S^j— 

sp 1 sp 3 sp'dL sp 3 d 2 

\|/-trigonal planar \|/-tetrahedral \|/-trigonal-bipyramidal y-octahedral 



Sn(IV) sp 3 




sp 3 d sp 3 d 2 


tetrahedral trigonal-bipyramidal octahedral 

Fig. 3. The principal coordination geometries of divalent and tetravalent tin. 


The preferred coordination geometry of the tin atom in triorganotin 
halides is trigonal bipyramidal with the carbon ligands at thf equatorial 
sites and the more electronegative halide and donor atom at the axial 
positions (39). 

Both trigonal bipyramidal and octahedral coordination geometries have 
been found for the tin atom in adducts of diorganotin dihalides with Lewis 
bases. The solid-state structures of complexes, SnX 2 R 2 -2L (L = 
monobasic ligand), have generally two fra/w-oriented carbon ligands (R), 
whereas the two halide and the two donor molecules can adopt either 
mutual trans- or ds-configurations, depending upon the nature of the 
substituent (40-48). In solution, these complexes exist as an equilibrium 
of a hexacoordinate and a pentacoordinate species, with the latter as the 
predominant one (49), 


R—Sri'-—R 

L il 



( 1 ) 


Little has been reported yet on the coordination chemistry of mono- 
organotin compounds. Coordination numbers of five to eight for the tin 
atom have been reported in such compounds (39,50,51). It has been 
suggested, however, that in solution a trigonal bipyramidal arrangement at 
tin is the most favorable one (49). 
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The coordination chemistry of divalent organotin compounds is a spe¬ 
cial case, since the tin atom can act both as an acceptor and as a donor, e.g., 
as in (CO) 5 CrSn(£-Bu) 2 • pyridine (52). 


D. Outline 

It has been well established that by using the properties of C,Y-chelating 
ligands (Y = heteroatom-containing substituent), organometallic com¬ 
pounds that have interesting properties and special reactivities can be 
isolated. It is therefore surprising that the concept of intramolecular coordi¬ 
nation by the use of C,Y-chelating ligands has been little explored in 
organotin chemistry. 

The first example of an organotin compound having C,Y-chelating 
ligands, i.e., bis[ 1, 2-bis(ethoxycarbonyl)ethyl]tin dibromide, was reported 
in 1968 for which the structure in the solid state was unambiguously 
established by an X-ray crystal structure determination (53). However, 
from 1976 a more systematic study of the properties of organotin halides 
containing C,N-chelating ligands was started (54). 

It was recognized at an early stage of this research that the presence of an 
intramolecular coordinating substituent considerably increases the configu¬ 
rational stability of chiral triorganotin halides (54). Moreover, modern 
NMR techniques allowed a detailed interpretation of the fluxional pro¬ 
cesses operative in solution of these compounds. Furthermore, the penta- 
coordinate tin center in triorganotin halides may be considered as a model 
for the transition state of the 5^2 substitution reaction at tetrahedral 
carbon centers, by which the intramolecular coordinating heteroatom may 
be regarded as the incoming nucleophile and the halogen atom as the 
leaving group. 

It should be noted here that Corriu and co-workers have reported on 
organosilicon compounds containing C,N-chelating ligands in which the 
silicon atom is penta- or hexacoordinate (55-58). Such organosilicon 
compounds are models for the intermediates proposed for the activation of 
enoxysilanes by F~ leading to cross-aldolizations or Michael reactions (59). 

In this account, we give an overview on organotin compounds contain¬ 
ing C,Y-chelating ligands. Successively, the following type of compounds 
are discussed: (i) organotin(II) compounds, (ii) tetraorganotin(IV), (iii) 
triorganotin(IV), and (iv) di- and monoorganotin(IV) compounds. Special 
attention is given to (i) structures in the solid state, (ii) fluxional behavior 
in solution, and (iii) stereochemical aspects. Also attention is given to the 
enhanced reactivity of tin—carbon bonds in tetraorganotin compounds as 
result of intramolecular coordination. 
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DIVALENT ORGANOTIN COMPOUNDS CONTAINING A C.Y-CHELATING 
LIGAND 


A. Introduction 

It was recognized fairly early that divalent organotin compounds SnR 2 
having covalent Sn—C bonds are unstable and polymerize readily (60- 
65). This was ascribed to the fact that the divalent tin atom in SnR 2 
compounds has both a doubly occupied and an empty orbital, which are 
accessible for Sn—Sn bond formation. This notion paved the way to 
methods that would lead to the stabilization of monomeric SnR 2 species. It 
appeared that under certain conditions, organotin(II) compounds can be 
stabilized. These conditions, each of which may be sufficient by itself, are 
(i) the use of bulky organic groups as, e.g., in Sn[CH(SiMe 3 ) 2 ] 2 (66), (ii) the 
coordination of the lone pair at tin to a suitable transition metal acceptor 
as, e.g., in (CO)jCrSn(MJu) 2 - pyridine (52), and (iii), the completion of the 
tin coordination sphere by the introduction in the organo-groups of substit¬ 
uents that are capable of intramolecular coordination. Since the first two 
approaches are beyond the scope of our account, only divalent organotin 
compounds that met the last condition are discussed. In general, it is now 
known that by using the steric and electronic properties of C,Y-chelating 
ligands, organometallic compounds that have interesting properties and 
special reactivities can be isolated. Special features of some of these com¬ 
pounds are: (i) stabilization of organometallic compounds in which the 
metal has an unusual oxidation number, e.g., Fe(III) (67), Co(II) (68), and 
Ni(III) (69); (ii) the trapping of organometallic species that are supposed to 
be intermediates in reactions, e.g., organoplatinum compounds in which a 
diiodine molecule is coordinated end-on to platinum as a first step in 
oxidative-addition reactions (70); (iii) the use of a novel organonickel(II) 
compound as a catalyst in the selective Karasch addition of polyhaloal- 
kanes to olefines (71); and (iv) the unexpected reactivity of organocopper 
compounds toward acetylenes (72). As discussed, these special effects of 
the C,Y-chelating ligand are also obvious in divalent organotin chemistry. 


B. Divalent Organotin Compounds Containing a Tin-Transition Metal 
Coordination Bond 

The earliest isolated organotin species in which the tin atom is in the 
II + formal oxidation state are compounds in which the tin atom acts 
as a Lewis base that coordinates to a suitable transition metal fragment, 
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tin(II) compound is acting as an electron donor to a zinc-/?-diketo- 
nate acceptor (76). The importance of the coordination of the 
Sn[(CH 2 ) 3 NMe 2 ] 2 tin lone pair to the Zn(DBM) 2 moiety for the stability of 
5 becomes evident when 5 is reacted with 1 equivalent of tetramethylethy- 
lenediamine (TMEDA) 

5 TMEDA ^ _{Sn[(CH 2 ) 3 NMe 2 ] 2 } n - + Zn(DBM) 2 (TMEDA) 4. (2b) 

This reaction results in the quantitative formation of insoluble 
Zn( DBM ) 2 ( TMEDA) and a soluble organotin oligomer. It is clear that in 
this reaction Sn[(CH 2 ) 3 NMe 2 ] 2 is liberated by a ligand-substitution reac¬ 
tion and undergoes the fast oligomerization reaction that is common for 
simple dialkyl- and diaryl-tin(II) compounds (77). 


C. Divalent Organotin Compounds Stabilized by Intramolecular Coordination 

Recently the first examples of divalent organotin compounds in which 
intramolecular coordination as such is sufficient for stabilization were 
reported. These compounds are bis(2-[(dimethylamino)methyl]phenyl} 
tin(II), 6 (74); bis{2-[l-(dimethylamino)ethyl]phenyl}tin(II), 7 (78); 
bis[8-(dimethylamino)-l-naphthyl]tin(II), 8 (75); bis([2-(dimethylamino) 
phenyl}(trimethylsilyl)methyl}tin(II), 9 (78); and bis[(2-pyridyl)bis(tri- 
methylsilyl)methyl]tin(II), 10 (79) and are schematically shown in Fig. 5. 

According to X-ray crystal structure determinations of 6 and 8, the best 
description of the coordination geometry of the tin center in these com¬ 
pounds is a ^/-trigonal bipyramidal one, with the carbon ligands and the 
lone pair at the equatorial sites and both intramolecular coordinating 
nitrogen atoms at the apical positions (74,75). Compound 10 has a square- 
pyramidal structure, with the lone pair at the apex of the pyramid. Most 



6, R = H 8 9 10 

7, R = Me 

Fig. 5. Divalent organotin compounds stabilized by two C,N-chelating ligands. 
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likely, this latter geometry is the result of strain in the molecule due to the 
formation of two four-membered chelate rings (79). 

The very acute C—Sn—C angles [100.5(1) and 93.8(5)° for 6 and 8, 
respectively] seem to contrast with the values found for their correspond¬ 
ing W(CO)j adducts 1 and 4 [117.4(2) and 102.6(3)°, respectively]. How¬ 
ever, the distorted ^-trigonal bipyramidal arrangement in 6 and 8 is fully 
consistent with predictions using the VSEPR model (33-35) for discrete 
AX 2 Y 2 E species (A = central atom; E = lone pair; X,Y = ligands). In 
diorganotin N-donor complexes, repulsive forces between the Sn—C 
bonding electrons and the tin lone pair may be relieved either by a decrease 
in the C—Sn—C angle from 120° or by lengthening of the Sn—N bonds 
(35). In 6 and 8, a reduction in the C—Sn—C angle is observed. 

Based on the observed ‘H and ,3 C NMR spectra of 7 and 9 at various 
temperatures, a ^/-trigonal bipyramidal coordination geometry at the tin 
center in these compounds was proposed also. ‘H and 13 C NMR spectro¬ 
scopic studies of 6-10 showed that in solution, fluxional processes are 
operative. Although the coalescence of the diastereotopic NMe 2 resonances 
observed for 6 was explained in terms of a rapid “polytopal” rearrange¬ 
ment (74), studies on 7, in which the chiral C 6 H 4 CH(Me)NMe 2 -2 ligand is 
present, showed unequivocal evidence for a process involving Sn—N 
dissociation/association (78). 

As a consequence of the anticipated coordination geometry (^-trigonal 
bipyramidal) of the tin center in 9, this atom becomes an additional chiral 
center. Since this compound is prepared starting from a racemic precursor, 
in principle three different diastereoisomers A, B, and C are expected 
(Fig. 6). 

Structure C, in which the two chiral carbon atoms have opposite configu¬ 
rations, may be excluded on the basis of the low-temperature 'H and 13 C 
NMR spectra. Here, the two organic groups are inequivalent and thus 
should give rise to two different resonance patterns, as was indeed observed 
for racemic bis{2-[l-(dimethylamino)ethyl]phenyl}tin(II) 7, vide infra. 
However, 9 has only one resonance pattern to — 80°C in the 'H and 13 C 
NMR spectra. For steric reasons, structure A seems to be more likely than 
structure B, because the repulsion between the bulky SiMe 3 substituents in 
structure A will be considerable less than in B (cf. Fig. 6). 

However, the existence of an equilibrium between A and B in solution, 
which lies predominantly to the side of A, may not be excluded, since 
this equilibrium would only require inversion of configuration at the 
Sn(II) center. Moreover, it was previously shown that for 
Sn(IV)Br[CH(SiMe 3 )C 6 H4NMe 2 -2]MePh in the solid state, as well as in 
solution, only one of the two possible diastereoisomers is present, i.e., the 
sterically most favorable one in which the SiMe 3 substituent and the 
phenyl group of tin lie at opposite sites of the molecule (80). 
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(S)c-(S)Sn-Wc (S)c-(«)Sn-Wc 

ABC 
Fig. 6. Schematic representation of the three possible diastereoisomeric structures A, B, 
and C for 9, together with a view along the axial vertex of the trigonal bipyramid, showing the 
relative positions of the bulky Me 3 Si substituents. 


The observation that only the diastereoisomer in which the two chiral 
carbon atoms have the same configuration is formed indicates that the 
reaction of racemic Li[CH(SiMe 3 )(C 6 H 4 NMe 2 -2)] with SnCl 2 is diastereo- 
selective. Most likely, the actual diastereoselection occurs in the second 
step of the reaction, i.e., during the reaction of the intermediate 
SnCl[CH(SiMe 3 )(C 6 H 4 NMe 2 -2)] with Li[CH(SiMe 3 )(C 6 H 4 NMe 2 -2)] to 
give 9. 

In contrast, the formation of two diastereoisomeric pairs of 7 in a 1:1 
ratio from the reaction of racemic Li[C 6 H 4 CH(Me)NMe 2 -2] with SnCl 2 is 
observed, indicating that this reaction is not diastereoselective. This is 
consistent with the rules for asymmetric induction (81-83) since in the 
diastereoselective step leading to the formation of 9, the reaction center 
(the tin atom) is directly bonded to the chiral carbon atom, which controls 
the diastereoselectivity. In contrast, in the intermediate leading to 7, the 
chiral center that could lead to diastereoselective induction is much farther 
away from the reaction center. Furthermore, in 7 the size of the substitu¬ 
ents present at the chiral carbon atom is much smaller than that in 9 (Me 
versus SiMe 3 ). 

Finally, an interesting organotin compound is the product obtained 
from the reaction of 3 equivalents of (2-[(diphenylphosphino)methyl] 
phenyljmagnesium chloride with 2 equivalents of SnCl 2 (84). For 11, the 
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2 SnCl2 
-3MgCl 2 


11 

Fig. 7. Proposed structure for the product obtained from the reaction of 3 equivalents of 
{2-[(diphenylphosphino)methyl]phenyl)magnesium chloride with 2 equivalents of SnCl 2 . 



proposed structure, based on ‘H, 31 P, and ,19 Sn NMR spectroscopy, is 
schematically shown in Fig. 7. In this compound the three C,P-chelating 
ligands bridge between a divalent and a tetravalent tin atom: A tin—tin 
bond between the two tin atoms is proposed. 

The first examples of heteroleptic divalent oiganotin compounds authen¬ 
ticated by X-ray crystal structure determinations are: [2-pyridylbis(tri- 
methylsilyl)methyl]tin chloride 12 and [2-pyridylbis(trimethylsilyl)methyl] 
bis(trimethylsilyl)amidotin 13, for which the structures are schematically 
shown in Fig. 8 (73). The distorted trigonal pyramidal coordination geome¬ 
try of the tin center in these compounds may be a result of the formation of 
a four-membered chelate ring. 

It has been well established that the monoanionic terdentate 2,6-bis[(di- 
methylamino)methyl]phenyl ligand stabilizes otherwise unstable or tran¬ 
sient organometallic species to such an extent that they become isolable 
(55). Especially in late transition metal chemistry, the three hard donor 
atoms of this ligand have been shown to enhance the nucleophilic charac¬ 
ter of Ni(II) and Pt(II) centers and, moreover, stabilize organometallic 
species in which the metal has an unusual oxidation number, e.g., Fe(III), 
Co(II), and Ni(III) (67-69) for an organometallic compound. Previously 
it was thought that this ligand enforces a coordination geometry to the 


TV 


Sn—X 


12, X = Cl 

13, X = N(SiMe3>2 

Fig. 8. The first examples of heteroleptic divalent oiganotin compounds. 
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metal in which the metal, the bound atom, and the two coordinating 
nitrogen atoms are all in one plane. However, organotantalum compounds 
in which the tantalum atom has an octahedral coordination geometry 
containing a pseudo facially bonded 2,6-bis[(dimethylamino)methyl] 
phenyl ligand have been reported recently (86). 

Previously, a Mossbauer spectroscopic study of SnCl[C 6 H 3 
(CH 2 NMe 2 ) 2 -2,6] 14 and some related species that were assumed to be 
diaryltin(II) compounds were reported, but no further structural informa¬ 
tion on their structural features was given (87). Recently, the structural 
features of 14, both in the solid state and in solution, have been reinvesti¬ 
gated (88). The X-ray structure determination of 14 showed the coordina¬ 
tion geometry of this compound to be ^-trigonal bipyramidal with the 
carbon ligand, the chlorine atom, and the lone pair at the equatorial sites 
and both coordinating nitrogen atoms at the axial positions, schematically 
shown in Eq. (3). 



14 15, R = 4-tolyl 

16, R = neo-pentyl 

17, R = neophyl 


Remarkable is the acute C—Sn—Cl angle of 95.0(3)° in 14, most proba¬ 
bly for the same reason as found for the C—Sn—C angle in homoleptic 
divalent organotin compounds in which the tin center has a ^-trigonal 
bipyramidal coordination geometry (vide supra). 

Further reaction of the organotin(II) chloride 14 with 4-tolyl-, neopen¬ 
tyl-, or neophyllithium affords the unique corresponding mixed 
aryl—-alkyltin(II) compounds 15,16, and 17 respectively [Eq. (3)] (88). 

The 'H and 13 C NMR spectra of 14-17 show that in solution at low 
temperatures (— 70°C for 14 and —25°C for 15-17), these compounds 
have structures that are comparable to that found for 14 in the solid state, 
i.e., a ^-trigonal bipyramidal coordination geometry at tin, with the nitro¬ 
gen atoms at the axial positions and the remaining substituents and the 
lone pair in the equatorial plane. 

The observation of an AB pattern for the benzylic methylene resonances 
in the ‘H NMR spectra indicates that the lone pair at tin is stereochemi- 
cally active, and as a consequence the plane of the 2,6-bis[(dimethyla- 
mino)methyl]phenyl group is chiral. Furthermore, the observation of two 
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resonances for the NMe 2 groups indicates that Sn—N coordination is inert 
at the NMR time scale at these temperatures. 

A striking difference between the variable temperature NMR spectra of 
14 and of 15-17 is observed. Although, in the heteroleptic diorganotin(II) 
compounds 15-17 coalescence occurs for the diastereotopic NMe 2 reso¬ 
nances, the AB pattern of the benzylic methylene resonances remains 
intact up to +120° C (the highest temperature studied). This points to a 
process involving Sn—N dissociation, while the Sn lone pair remains 
stereochemically active and rotation around the 0,*,—Sn bond is blocked. 
(Fast rotation around this bond would give rise to loss of the planar 
chirality and thus would render the diastereotopic benzylic methylene 
resonances homotopic.) 

In the ‘H NMR spectrum of 14 , however, simultaneous coalescence of 
both the NMe 2 and CH 2 resonances occurs, while the coalescence tempera¬ 
ture T c is strongly dependent on the concentration of 14 (16 mg/ml, 
T e = — 25°C; 180 mg/ml, T c = — 60°C). The coalescence of the AB pat¬ 
tern for the benzylic methylene protons indicates that the tin lone pair is 
no longer stereochemically active. The AG* values, calculated from the 
observed chemical shift differences and coalescence temperatures T c for 
the benzylic methylene and NMe 2 resonances, are 41.9 and 42.3 kj/mol, 
respectively (concentration 180 mg/ml), indicating that both coalescence 
phenomena most probably result from the same process. Sn—N bond 
dissociation is most likely not involved in this process, as is shown by the 
presence in the ,3 C NMR spectrum of a two-bond U7 ’ 119 Sn scalar coupling 
of 30 Hz to the NMe 2 carbon atoms. This coupling does not change upon 
raising the temperature of the solution to 120°C (the highest temperature 
studied). Apparently, also at high temperature, i.e., in the coalesced situa¬ 
tion, Sn—N coordination in 14 is inert at the NMR time scale. It is not 
unexpected that in 14 , Sn—N coordination is stronger than in 15 - 17 , 
since in 14 the Sn center has an increased Lewis acidity as a result of the 
presence of the chlorine atom. 

The simultaneous coalescence of the benzylic and NMe 2 resonances in 
14 indicates that on the NMR time scale a fast interconversion between 
structures A and B (inversion of configuration at tin) occurs. 
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The observation that the coalescence temperature is dependent on the 
concentration of 14 points to a bimolecular process. Furthermore, it ap¬ 
peared that addition of LiCl to a solution of 14 lowers the coalescence 
temperature of the NMe 2 and benzylic resonances. Therefore, ionic spe¬ 
cies, most probably resulting from initial dimerization of 14, are proposed 
to be intermediates in the inversion of configuration at tin. 


D. Reactivity of Divalent Organotin Compounds 

It has been recognized that divalent organotin compounds easily under¬ 
go oxidative addition reactions (89). Similarly, 8 reacts with alkyl halides 
and dihalogen to give the corresponding oxidative addition products (75). 



These interesting compounds are discussed in Section III. 

Similarly, the heteroleptic diorganotin compounds 15-17 react with 
diiodine and methyl iodide 



giving rise to the formation of hexacoordinate diorganotin diiodides and 
pentacoordinate triorganotin cations, respectively (88). These type of com¬ 
pounds are discussed in Section III. 
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TETRAVALENT ORGANOTIN COMPOUNDS CONTAINING A C,Y- 
CHELATING LIGAND 


A. General 

As a consequence of the increasing number of electronegative groups 
present at the tin atom in the series SnR 4 , SnXR 3 , SnX 2 R 2 , SnX 3 R 
(X = halide or pseudo halide), the Lewis acidity at the tin center increases 
down this series. Due to the poor acceptor properties of the tin atom in 
tetraorganotin compounds, for a long time these compounds were re¬ 
garded as being unable to extend their coordination number beyond four. 
A few examples of tetraorganotin compounds in which the tin atom may 
be regarded as penta- or even hexacoordinate have now been reported. 
These compounds have in common that coordination is enforced as a 
result of the rigid arrangement of a potentially intramolecular substituent. 

For triorganotin(pseudo)halides, coordination saturation seems to be 
reached at coordination number five, usually with the three carbon ligands 
at the equatorial sites and the (pseudo)halogen atom and the coordinating 
heteroatom at the axial sites of a trigonal bipyramid. This is also true for 
triorganotin halides containing a C,Y-chelating ligand, and in these com¬ 
pounds the C,Y-chelating ligand spans an equatorial-axial edge of a trigo¬ 
nal bipyramid. 

Depending on the number (one or two) of C,Y-chelating ligands present 
in diorganotin dihalides, either trigonal bipyramidal or octahedral coordi¬ 
nation geometries have been found for the tin center. 

Only a very limited amount of data are available for monoorganotin 
halides containing a C,Y-chelating ligand. In the solid state, a trigonal 
bipyramidal coordination geometry for the tin center is preferred. How¬ 
ever, in solution when external donor molecules are also present, hexa¬ 
coordinate species may be formed. 

Unambiguous structural information in the solid state on organotin 
compounds containing a C,Y-chelating ligands has been obtained by sin¬ 
gle-crystal X-ray structure determinations. Also 119m Sn Mbssbauer spec¬ 
troscopy provides information on the structure and the type of bonding of 
organotin compounds in the solid state (90-92). 

Valuable information concerning the structures in solution of organotin 
compounds containing a C,N-chelating ligand is obtained from *H, l3 C, 
and 119 Sn NMR spectroscopic studies. Furthermore, these studies provide 
sometimes detailed information on the fluxional processes that are opera¬ 
tive in solutions of these compounds. It appears that the 119 Sn chemical 
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shift value depends on: (i) the type of substituents present at tin and (ii) the 
coordination number of tin. It is especially the latter property that may 
cause large changes in chemical shift values. When the coordination num¬ 
ber at tin in a given compound is raised from four to five to six, the 
chemical shift value is shifted downfield by a few hundred parts per million 
(93). Recently we have reported the 119 Sn spectroscopic parameters of a 
series of tetra-, tri-, and diorganotin compounds containing several 
C,N-chelating ligands (94). The observation of one-bond 119 Sn— 13 C and 
two bond 119 Sn—'H coupling constants in the 13 C and *H NMR spectra of 
organotin compounds provides detailed information on the hybridization 
of the tin atom in these compounds. The tin—carbon bonds in tetrahedral 
and trigonal bipyramidal and octahedral arrangements at tin, respectively, 
proceeds via sp 3 -, sp 2 -, and rp-like orbitals. As a result of the increasing 
^-electron participation in the tin—carbon bonds in this series, increasing 
magnitudes of the 119 Sn— 13 C and U9 Sn—'H coupling constants are ob¬ 
served in the 13 C and 'H NMR spectra, respectively. 


B. Tetraorganotin Compounds Containing a C.Y-Cheiating Ligand 

The Mossbauer spectra of the 3-(2-pyridyl)-2-thienyl tetraorganotin de¬ 
rivatives, 18-22 (Fig. 9) indicate that the tin center in these compounds is 
pentacoordinate (95). For 18, this was unambiguously proven by an X-ray 
crystal structure determination. In this compound, the tin atom has a 
distorted trigonal-bipyramidal coordination geometry, with C ipK) of the 
thienyl group and two of the p-tolyl groups at approximately equatorial 
positions and the nitrogen atom and one of the /Molyl groups at the axial 
sites. A similar coordination geometry was found for the tin center in 



18, R = p-MeC 6 H 4 

19, R = C 6 Hj 

20, R = p-ClC 6 H4 

21, R = cyclo-C 5 H 9 

22, R = cyclo-C 6 H n 


24, R = R' = R" = Me 

25, R = R’ = Me, R" = Ph 

26, R = R' = Ph, R” = Me 

27, R = R' = R” = Ph 

28, R = Me, R' = Ph, R" = neo-Pent 


Fig. 9. Tetraorganotin compounds containing a C,N- or C,0-chelating ligand. 
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[8-(dimethylamino)-l-naphthyl ]triphenyltin 27 (96). The Sn—N bond 
distances of 2.841(7) and 2.884(3) A, for 18 and 27, respectively, seem to 
be rather long, but are nevertheless shorter than those found in 
SnCl 2 Ph 2 -pyrazine (97), which amount to 2.782(11) and 2.965(11) A, the 
latter distance being the longest one ascribed to Sn—N coordination. That 
in solution the tin centers in 18-22 and 24- 28 are pentacoordinate was 
concluded from (i) the observation of an increase of the 
iJ( U7 - 119 Sn— l3 C ipi0 ) value in the ,3 C NMR spectra and (ii) a high-field 
shift of the " 9 Sn resonance in the I,9 Sn NMR spectra (95,96). 

An octahedral coordination geometry at the tin center was found by 
X-ray crystallography in bis[3-(2-pyridyl)-2-thienyl]diphenyltin, 23; see 
Fig. 9 (95). The various groups at the tin center have an all-cis arrange¬ 
ment. The Sn—N distance of 2.560(2) A is considerably shorter than that 
observed in 18, vide supra. That the structure as found for 23 in the solid 
state is most likely retained in solution was concluded from the compari¬ 
son of the 119 Sn and l3 C NMR spectra of solutions of 23, with those of 
bis(2-thienyl)diphenyltin. Based on the 'H, 13 C, and " 9 Sn NMR spectral 
data of bis[8-(dimethylamino)-l -naphthylJdimethyltin, 29, a distorted oc¬ 
tahedral coordination geometry for the tin center in this compound has 
also been proposed (96). 

An X-ray crystal structure determination of (2-carbomethoxy-l,4-cyclo- 
hexadien-l-yl)trimethyltin, 30, revealed that the tin center in this com¬ 
pound is pentacoordinate as a result of intramolecular Sn—O coordina¬ 
tion; see Fig. 9 (99). The C(l) atom of the cyclohexadiene moiety and two 
of the methyl groups are at approximately equatorial positions, and the 
other methyl group and the coordinating oxygen atom [Sn—O distance 
2.781(3) A] are at the axial sites of a distorted trigonal bipyramid. 

The reaction of 17-ethynyl-4-estren-17-ol with triphenyltin hydride 



affords selectively the c/s-addition product 31, for which the X-ray struc- 
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ture unambiguously showed that the tin atom has a distorted trigonal 
bipyramidal coordination geometry, with two phenyl groups and the ole- 
finic carbon atom at approximately equatorial positions, and the coordi¬ 
nating oxygen atom (Sn—O 2.77(1) A) and one of the phenyl groups at the 
axial sites (100). It has been proposed that the preferred formation of the 
Z-isomer over the iT-isomer, which generally are formed in these reactions, 
is a consequence of the presence of a potentially coordinating group. 

The tetraorganotin compounds 18-31 all have in common that the 
coordinating heteroatom is part of a rather rigid skeleton, which keeps the 
potentially coordinating heteroatom in close proximity to the tin atom. It 
is probably this rigid ligand arrangement that enforces coordination of the 
heteroatom to tin. 

Another class of tetraorganotin compounds for which pentacoordination 
of the tin atom was established are the diptych and triptych compounds, 
for which the proposed structures are schematically shown in Fig. 10. 

That an Sn—Y interaction is present in the diptich compounds 32-34, 
resulting in a trigonal-bipyramidal coordination geometry of the tin atom, 
was concluded from ‘H, ,3 C, and I,9 Sn NMR studies (101,102). The 
low-temperature 'H and 13 C NMR spectra of 32 clearly showed the pres¬ 
ence of an equatorial and an axial methyl group. The distinct difference 
between the equatorial and the axial substituent is furthermore illustrated 
by the observation of relatively large ’J( 119 Sn— 13 C) and 2 J( n9 Sn—'H) 
values (377 and 54.5 Hz, respectively) for the equatorial methyl group 
compared with relatively small values for the axial methyl group (197 and 
40.1 Hz, respectively). Most likely this is a result of the enhanced ^-electron 
participation at the equatorial positions of the trigonal bipyramid. 

That Sn—N coordination is present in the triptych compound 35 was 
unambiguously proven by an X-ray crystal structure determination of this 
compound (103). The tin atom in 35 has a distorted trigonal bipyramidal 



32, Y = NMe, R = Me 35 36a 36b 

33, Y = NMe, R = t-Bu 

34, Y = O, R = Me 

Fig. 10. Diptych and triptych tetraorganotin derivatives with intramolecular Sn—Y 
coordination. 



260 


JOHANN JASTRZEBSKI AND GERARD VAN KOTEN 


coordination geometry, with the nitrogen atom (Sn—N distance 
2.624(8) A) and the methyl group at the axial positions. 

Finally, in the diptych compound 36, an intramolecular Sn—N interac¬ 
tion was proposed, based on the observed 'H, 13 C, and ,19 Sn NMR spectra 
(104). It appeared that in solution an equilibrium exists between at least 
three isomers for which the proposed structures of the two most abundant 
ones, 36a and 36b (70 and 27%, respectively) are shown in Fig. 10. Further¬ 
more, 2D 119 Sn EXSY spectroscopy (104) showed that these two isomers 
mutually isomerize via an uncorrelated rearrangement at the tin atom. 

A rather unusual series of compounds, which may be regarded as tetra- 
organotin compounds containing a potentially C,N-chelating ligand, are 
the triorganotin hydrides 37-39 shown in Fig. 11 (105,106). 

These compounds were obtained from the LiAlH 4 reduction of the 
corresponding triorganotin bromides (vide infra). It should be noted that it 
is rather unexpected that these compounds are stable, since it is well known 
that amines catalyze the decomposition of organotin hydrides to ditin 
compounds and hydrogen (107). 

The fact that these compounds were obtained as diastereoisomeric mix¬ 
tures [the configuration of the (—)-menthyl unit is fixed, the configuration 
of the tin center may be either (R) or (5)], varying from 46:54 for 37 to 
40 :60 for 39 for the two diastereoisomers, indicates that the diastereose- 
lection during the reduction step is small. Evidence for the anticipated 
intramolecular Sn—N coordination in 37 and 38 was obtained from the 
‘H and 13 C NMR spectra of these compounds. The increased (compared to 
the values of menthylmethylnaphthyltin hydride) ‘J( I3 C— 119 Sn) and 
*J(‘H— 119 Sn) values of the menthyl and hydride resonances, respectively, 
points to an increased 5-orbital participation in these bonds, while the 
decreased (again compared to the values of menthylmethylnaphthyltin 
hydride) ‘J( 13 C— M9 Sn) and 2 J('H— n9 Sn) values for the methyl reso¬ 
nance points to an decreased j-orbital participation in this bond. These 



r R 


37, R = Me. R' = (-)-Menthy! 38, R = Me, R’ = (-)-Menthyl 

39, R = t-Bu, R’ = (-)-Menthyl 

Fig. 11. Triorganotin hydrides containing a potentially C,N-chelating ligand and a chiral 
(—Fmenthyl group. 
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observations suggest a distorted trigonal bipyramidal coordination geome¬ 
try for the tin center in 37 and 38 with the menthyl group and hydride at 
equatoral positions and the methyl group at an axial site. An X-ray crystal 
structure determination unambiguously showed such a structure for 39 in 
which the menthyl group, the hydride and the naphthyl—C ipK) are at the 
equatorial sites and the tert-butyl group and the coordinating nitrogen 
atom (Sn—N 2.885(3) and 2.931(3) A for two independent molecules, 
respectively) at the axial positions. 


C. Enhanced Reactivity of the Sn—C Bonds in Tetraorganotin Compounds as 
a Result of the Enforced Coordination of a Heteroatom-Containing Substituent 

Previously it has been suggested that the reversed reactivity sequence 
observed in halodemetallation reactions of mixed tetraorganotin com¬ 
pounds, in which a potentially coordinating group (Y) is present in the 
y-position with respect to tin, is caused by intramolecular assistance of 
those groups (108,109): 



The presence of pentacoordinate tin in such tetraorganotin compounds 
was confirmed by the X-ray crystal structure determination of (2-carbo- 
methoxy-l,4-cyclohexadien-l-yl)trimethyltin (99) vide supra. Further¬ 
more, it was shown that tetraorganotin compounds containing the rigid 
C,N-chelating 8-(dimethylamino)-l-naphthyl ligand show an exceptional 
reactivity in the redistribution reaction with trimethyltin halide, resulting 
in the formation of tetramethyltin and a triorganotin halide containing the 
8-(dimethylamino)-l-naphthyl ligand (96,110). 

Recently it was shown that intramolecular coordination at tin in tetraor¬ 
ganotin compounds promotes the transfer of an organic group from tin to 
an organic halide in the Stille coupling reaction. In the presence of a Pd 
catalyst, the exocyclic alkyl group of l-aza-5-alkyl-5-stannabicyclo 
[3.3.3]undecane selectively couples with aryl or alkenyl halides (111): 



R Br 


Furthermore, we have recently shown that the rate of the palladium-cata- 
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lyzed phenyl transfer from [8-(dimethylamino)-l-naphthyl]diphenylmeth- 
yltin to 2-furoyl chloride 



is enhanced by a factor of 10 2 as a result of intramolecular assistance by the 
intramolecularly coordinating NMe 2 group in the tetraorganotin com¬ 
pound (112). 

X-ray crystal structure determinations of different tetraorganotin com¬ 
pounds containing a C,Y-chelating ligand have shown that the Sn—Y 
coordination bonds are extremely long (vide supra). That these coordinat¬ 
ing heteroatoms, however, have a considerable influence on the electronic 
situation at Sn is reflected in enlarged C—Sn bonds, trans-orientated with 
respect to the heteroatom. It is most likely that this trans- Sn—C bond 
shows an enhanced reactivity. Furthermore, it is interesting to note that 
these bond lengths fit very well in the theoretically deduced curve by 
Britton and Dunitz, of a 5^2 pathway for substitution with inversion at 
tetrahedral tin (vide infra) (113). 


D. Triorganotin Halides Containing a C.Y-Chelating Ligand 

1. Compounds Containing One Monoanionic C,N-Chelating Ligand 

The triorganotin halides containing one raonoanionic C,N-chelating 
ligand that has been studied are depicted in Fig. 12. 

These compounds include the following type of C,N-chelating ligands: 
2-[(dimethylamino)methyl]phenyl 40a-45 (54,114-117)-, [2-(dimethyla- 
mino)phenyl]methyl 46a-c, 47a-c (80)-, 8-dimethylamino-l-naphthyl 
48 -50 (110)-, {2-[(dimethylamino)methyl]phenyl}methyl 51,52 (118), 
8-(dimethylamino)methyl-l-naphthyl, 53,54 (118), 2-(4,4-dimethyl-2-oxa- 
zoline)-5-(methyl)phenyl 55,56 (119); and 2-(phenylazo)phenyl 57a,57b 
(120,121). For some representative examples, the structure was unambigu¬ 
ously proven by an X-ray crystal structure determination: 40c (115), 41b 
(114), 44b (116), 47b (80), 49 (96), 54 (118), 56 (119), 57a (121), and 57b 
(122). The last compound was obtained as an unexpected by-product from 
the reaction of 2,4-dinitrophenyldiazonium cation with (3-methoxy- 
phenyl)trimethyltin (120): 
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NO, 





All these compounds have in common that the tin center has a trigonal 
bipyramidal coordination geometry with the carbon ligands at the equato¬ 
rial sites and the more electronegative nitrogen and halogen atom at the 
axial positions. Pentacoordination is attained by the formation of a five- or 
six-membered chelate ring spanning an equatorial-axial edge of the trigo¬ 
nal bipyramid. 

Based on the 'H, I3 C, and 119 Sn NMR data of these compounds, it is 
most likely that the structures as found in the solid state are retained in 
solution. It should be noted at this point that as a consequence of this 
geometry, the tin atom is stereogenic when different organic groups are 
present. 




51, R = Me 53, R = Me 55, R = Me 57a, R = Me, R'= R" = H 

52, R = Ph 54, R = Ph 56, R = Ph 57b, R = Ph, R' = OMe, R" = N0 2 

Fig. 12. Triorganotin halides containing one C,N-chelating ligand. 
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2. Stereochemical Aspects and Fluxional Processes at the Stereogenic Tin Centers 

in Triorganotin Halides Containing One Monoanionic C,N-Chelating Ligand 

It has been well established that the configurational stability of the tin 
centers in triorganotin halides, which is usually very low, is enhanced to a 
considerable extent when intramolecularly coordinating substituents are 
present (123). The presence of a C,N-chelating ligand allows a detailed 
study concerning the fluxional processes that may be operative in solution. 
The two basic processes are (i) Sn—N dissociation/association and (ii) 
inversion of configuration of the tin center; see Fig. 13. 

That these two processes are operative in solution was concluded by us 
from the observed ‘H NMR spectra of chiral {2-[(dimethylamino) 
methyl]phenyl}methylphenyltin bromide 40b at different temperature (54) 
(Fig. 14A). Below 30°C, the NMe 2 and the benzylic CH 2 groups are 
diastereotopic. Above this temperature, the two methyl resonances of the 
NMe 2 group coalesce, indicating that a process involving Sn—N dissocia¬ 
tion/association becomes fast on the NMR time scale [a similar conclusion 
was reached by a temperature-dependent lineshape analysis of the ‘H 
resonances of the prochiral NEt 2 group in 45 (117)]. In contrast, the AB 
pattern observed for the benzylic CH 2 group remains unaltered up to at 
least 125°C (the highest temperature studied), indicating that configura¬ 
tion inversion of the chiral tin center does not occur or is still slow on the 
NMR time scale. Evidence that configuration inversion at the tin center 
does occur in such compounds was obtained by us from a study on 
triorganotin halides containing an additional, but configurationally stable, 
stereogenic center (chiral-labeling approach) (114,116). 

When enantiomerically pure (R)c(R)&, (2-[l-(dimethylamino)ethyl] 
phenyl)methylphenyltin bromide 41 b is dissolved in toluene, the ‘H NMR 
spectrum at — 30° C shows the presence of only one diastereoisomer. How¬ 
ever, at — 13°C an epimerization process starts, finally resulting in the 
formation of a 40:60 equilibrium mixture of the (R)c(R) Sn and (R)d(S ) Sn 
diastereoisomers (114) (Fig. 14B). 

This observation indicates that even at low temperature, i.e., when 
Sn—N coordination is inert at the NMR time-scale inversion of configura- 



Fig. 13. The two basic fluxional processes operative in solutions of triorganotin halides 
containing a C,N-chelating ligand. 
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(R)c(S)sn (R) C (R)sn 

40b 41b Z = Me 60% 40% 

42b Z = Et 60% 40% 

43b Z= i-Pr 80% 20% 

44b Z = t-Bu >98% <2% 

A B 


Fig. 14. Sn-chiral (A) and C,Sn-chiral (B) triorganotin halides. 


tion of the tin center does occur. Furthermore it was shown that in solution 
the distribution between the two diastereoisomers is dependent on the bulk 
of the substituent present at the chiral benzylic carbon center (116), while 
for 14b (Z = Me) the (/?) c (5') Sn : (R),^R) Sa ratio is 60:40, and for 44b 
(Z = r-Bu) only the sterically less crowded (R)d(S) Sa diastereoisomer is 
present in solution; see Fig. 14B. Similarly, for {[2-(dimethylamino) 
phenyl](trimethylsilyl)methyl]methylphenyltin bromide, 47b (see Fig. 12), 
only one diastereoisomer is present in solution (80). It is obvious, since 47b 
was prepared starting from a racemic precursor, that this must be an 
enantiomeric pair, most likely the same (R)dR)sJ(S) c /(S) Sn pair as found 
in the solid state by X-ray diffraction (80), in which the bulky trimethylsi- 
lyl group and the phenyl—Sn group are at opposite sides of the molecule. 

Also the size (five- or six-membered) and flexibility of the chelate ring 
has an important influence on the rate of the inversion of configuration 
process at tin. The latter effect was nicely illustrated by a recent study of 
the triorganotin bromides 58-61 (see Fig. 15) containing the chiral (—)- 
menthyl group as a chiral probe (105,106,124). 

It appeared that crystalline 59 and 60 are diastereoisomerically pure, 
which was confirmed unambiguously by a crystal structure determination 
of 60 and showed the configuration of the tin center in 60 to be (R) (124). 
That epimerization of the tin center in these compounds does occur was 
shown by *H, 13 C, and 119 Sn NMR studies of these compounds, which 
show the presence of only one diastereoisomer in a freshly prepared solu¬ 
tion and the appearance and a slow increase of the second diastereoisomer 
on standing to give eventually a 47:53 equilibrium mixture for 59 in 2.5 
days and a 46:54 equilibrium mixture for 60 in 5 days. These observations 



266 


JOHANN JASTRZEBSKI AND GERARD VAN KOTEN 



58 59 60; R = Me 

61; R = t-Bu 

Fig. 15. Pentacoordinate triorganotin bromides containing the (—)-menthyl group as a 
chiral probe. 


were furthermore confirmed by a linear increase of the [«]§, values of 59 
and 60, from an initial value of —14.8° to a constant value of—41.5° after 
2.5 days for 59 and from +2.9° to a constant value of—37.9° after 5 days 
for 60. For 58, however, 'H, I3 C, and 119 Sn NMR studies showed the 
presence of only one resonance pattern at ambient temperature. At low 
temperature (—60°C), this single pattern tends to decoalesce in two reso¬ 
nance patterns for the two possible diastereoisomers. This observation 
indicates that in 58 the inversion of configuration process at tin must be 
very fast, even on the NMR time scale. Most likely this is a result of the 
much more flexible chelate ring present in 58 as compared to both 59 and 
60. Surprisingly, *H, 13 C, and I19 Sn NMR spectra of freshly prepared 
solutions of 61 showed the presence of two diastereoisomers in a constant 
45:55 molar ratio. Most probably, due to (i) the rigid chelate ring and (ii) 
the steric constraints around the tin center in 61 (cf. t-Bu in 61 versus Me 
in 60), the inversion of configuration process at the tin center in 61 is 
completely blocked, resulting in a constant ratio of the two diastereoiso¬ 
mers in the solid state as well as in solution. An alternative explanation 
could be the occurrence of an extremely fast epimerization process imme¬ 
diately after dissolution of solid 61. However, with respect to the observa¬ 
tions made for 60, this seems highly unlikely. 

In triorganotin bromides containing the 8-dimethylamino-l-naphthyl 
C,N-chelating ligand, i.e., 48 - 50 (Fig. 12) and 60-61 (Fig. 15), even at 
high temperature (125° C) Sn—N dissociation does not occur at the NMR 
time scale ( 106,110,124 ). Most likely this is the result of the fixed orienta¬ 
tion of the N and C donor sites of the rigid 8-dimethylamino-l-naphthyl 
group, which holds the NMe 2 substituent always in close proximity to the 
tin atom. 

So far, it appears that triorganotin bromides containing a rigid five- 
membered chelate ring have a tin center that is configurationally stable on 
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the NMR time scale. In contrast, l H NMR studies of triorganotin bro¬ 
mides containing a six-membered chelate-ring, i.e., 51-54 (see Fig. 12) 
revealed that both the Sn—N dissociation/association process and the 
process involving inversion of configuration of the tin center are operative 
{ 118 ). The ‘H NMR spectrum of [{2-[(dimethylamino)methyl]phenyl} 
methyl]methylphenyltin bromide 52 at — 40°C shows for both benzylic 
methylene groups AB patterns as well as two resonances for the NMe 2 
group, indicating that the Sn—N bonding and configuration of the tin 
center are stable on the NMR time scale. At — 30° C the two resonances of 
the NMe 2 group coalesce while the two AB patterns remain unaltered up to 
0°C, indicating that only the Sn—N dissociation/association process be¬ 
comes fast at the NMR time scale. Finally, the coalescence of the two AB 
patterns to two singlets above 0°C indicates that now inversion of configu¬ 
ration of the tin center has become fast on the NMR time scale. Similar 
conclusions were drawn from the temperature-dependent ‘H NMR spectra 
of 53 and 54 ( 118 ). An interesting feature of 54 is the presence in solution 
of two diastereoisomers as a result of the presence of the stereogenic Sn 
center in combination with an a- or ^-puckering of the six-membered 
chelate ring, as schematically shown in Fig. 16. As another consequence of 
this puckering for achiral 53 , at low temperature (— 50°C), two NMe 2 
resonances and an AB pattern for the CH 2 N group are observed in the 'H 
NMR spectrum. 

That the dissociated form of triorganotin bromides that can form a 
six-membered chelate ring, i.e., a tetrahedral coordination geometry at the 
tin center, is abundantly populated at higher temperatures is indicated by 
the large temperature dependence of the ,l9 Sn chemical shifts of 51-52 
{ 94 ), e.g., —49.4 ppm for 51 at -85°C versus —6.2 ppm at 100°C. This 
conclusion is supported by the largely temperature-independent ,19 Sn 
chemical shift values of triorganotin bromides having a five-membered 




OMe 


a(S) s „ P(S) Sn 

Fig. 1 6 . Schematic projection along the N—Sn bond in 54 showing the two diastereoiso¬ 
mers as a consequence of die a- of ^-puckering of the six-membered chelate ring. 
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chelate ring (40 - 50,55,56) or a more rigid six-membered chelate ring 
(53,54), indicating that for these compounds the population of the disso¬ 
ciated form is infinitely small at higher temperatures (94). 

3. Compounds Containing Miscellaneous C,N-Chelating Ligands 

Interesting structural features are observed for trioiganotin halides con¬ 
taining one quadridentate tris-anionic-, cf. 62, terdentate dianionic-, cf. 
63,64, quadridentate dianionic-, cf. 70-72, terdentate monoanionic-, cf. 
65-69, or two bidentate monoanionic ligands, cf. 73-75. The latter three 
types of ligands are potential candidates in enforcing hexacoordination in 
triorganotin halides. 

An X-ray crystal structure determination of the triptych compound 62 
revealed the trigonal bipyramidal coordination geometry, which is sche¬ 
matically shown in Fig. 17, with the three carbon atoms at the equatorial 
sites and the coordinating nitrogen atom and the chlorine atom at the axial 
positions. As a result of the fixed geometry of the quadridentate tris-an¬ 
ionic ligand, the Sn—N coordination bond (2.37(3) A) is extremely short 
(125). 

Based on 'H, 13 C, and 119 Sn NMR spectroscopic studies a trigonal 
bipyramidal structure for the diptych compound 63 (102) has also been 
proposed; see Fig. 17. 

The diptych compound 64 for which the structure was unambiguously 
proven by an X-ray crystal structure determination (104), consists of two 
enantiomorphic units connected via a Sn—Sn bond. In each unit, the tin 
atoms have trigonal bipyramidal coordination geometries with the two 
carbon ligands and the connecting Sn atom occupying equatorial sites. 
Based on *H, 13 C, and 119 Sn NMR spectroscopic studies, it is most likely 
that the structure as found in the solid state is retained in solution. At low 
temperature (— 40 °C), the t3 C NMR spectrum of 64 shows inequivalent 



62 63 64 

Fig. 17. Pentacoordinate triorganotin chlorides containing either quadridentate tris-an¬ 
ionic 62 or terdentate-dianionic 63 or 64 ligands. 
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65; X = Br, R = R’ = Me 
66; X = Br, R = R' = Ph 
67; X = Br, R = Me, R’ = Ph 
68; X = I, R = Me, R’ = 4-tolyI 
69; X = I, R = Me, R’ = neopentyl 
Fig. 18. Pentacoordinate triorganotin cation! 
ular coordination. 


70, X = Cl 

71, X = Br 

72, X = I 


ions) as a result of intramolec- 


methylene carbon atoms in each unit, which was explained in terms of 
hindered rotation around the Sn—Sn bond (104). 

A series of triorganotin halides containing the terdentate monoanionic 
2,6-bis[(dimethylamino)methyl]phenyl ligand have been reported 
(88,126). As mentioned before, compounds 65-69 are potential candi¬ 
dates for hexacoordinate triorganotin halides. However, based on (i) the 
high solubility in polar solvents (even water), (ii) colligative studies, and 
(iii) conductivity measurements, it appeared that the presence of the 2,6- 
bis[(dimethylamino)methyl]phenyl ligand in these triorganotin halides 
promotes halogen displacement giving rise to the formation of stable ionic 
compounds 65-69, which in fact are the first examples of triorganostan- 
nonium ions, as is shown schematically in Fig. 18. Moreover, in the case of 
65, the existence of such an ionic structure was unambiguously proven by 
an X-ray crystal structure determination (126). The observation of an- 
isochronous resonances for the CH 2 N and NMe 2 groupings at tempera¬ 
tures below — 10°C in the ‘H NMR spectra of67-69, containing a chiral, 
trigonal plane, indicates that these compounds in solution have structures 
comparable to that found for 65 in the solid state. At higher temperatures, 
subsequent coalescence of the two resonances of the NMe 2 group and the 
AB pattern of the CH 2 group are observed. Based on the difference in 
coalescence temperature and difference in chemical shift values, it may be 
concluded that two different processes are operative: (i) a process involving 
Sn—N bond dissociation, followed by pyramidal inversion of the nitrogen 
atom, rotation around the CH 2 N bond, and finally reformation of the 
Sn—N bond; this process gives rise to the coalescence of the NMe 2 reso¬ 
nances, and (ii) a process that comprises Sn—N bond dissociation fol¬ 
lowed by rotation of the SnRR' group around the Sn—C bond to the 
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2,6-bis[(dimethylamino)methyl]phenyl group. This process results in co¬ 
alescence of the AB pattern of the NCH 2 resonances. 

Based on 'H, ,3 C, and m Sn NMR spectroscopic studies, it was proposed 
that triorganotin halides containing the dianionic [CH 2 N(Me)(CH 2 ) 3 -] 2 
ligand also promotes halogen displacement giving rise to ionic structures 
for compounds 70-72 as schematically shown in Fig. 18 (127). 

The triorganotin halides 73-75 (Fig. 19), containing two C,N-chelating 
8-dimethylamino-l-naphthyl ligands are, along with (tris(pyrazolyl)bor- 
atojtrimethyltin (128), the only examples of triorganotin compounds in 
which the tin atom may be regarded as hexacoordinate (129). 

An X-ray crystal structure determination of 73 revealed a structure 
shown schematically in Fig. 19 A. The tin center has a distorted octahedral 
coordination geometry with the two naphthyl C ^ atoms, one of the 
nitrogen atoms, and the iodine atom, as well as the other nitrogen atom 
and the methyl group in mutuaWrans-positions. The Sn—N distance trans 
to the methyl group of 3.10(1) A is extremely long for a Sn—N coordina¬ 
tion bond, but this value is only slightly longer than one of the Sn—N 
bond lengths found in the diphenyltin dichloride pyrazine complex 
[2.965(11) A]. The latter Sn—N bond length is the longest one reported so 
far that has still been ascribed to Sn—N coordination (130). The 
C ipto — Sn—C j|BO angle of 140.0(5)° in 73 deviates considerably from the 
ideal octahedral value of 180°. Previously, Britton and Dunitz (113) have 
correlated the structural features of SnC 2 X 2 Y 2 ensembles with a 
C,C-transoid arrangement. It wa£ shown that in such species the 
C—Sn—C angle is a function of the deviation of the C—X and C—Y 
distances from the theoretical values. The Sn—N and Sn—C(methyl) 



(A) (B) 

73, R = Me, X = I 

74, R = Et, X = I 

75, R = Benz, X = Br 

Fig. 19. Triorganotin halides containing two C,N-chelating ligands in which the tin atom 
may be regarded as hexacoordinate. 
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(A) (B) 

Fig. 20. Schematic representation visualizing the Bailar twist in 73- 75. 


distances in 73 do fit very well in the theoretically deduced curve; further¬ 
more these distances predict a value of 141 ° for the —Sn—C ipi0 angle, 
which is very close to the value of 140.0(5)° found for 73! 

‘H, l3 C, and 119 Sn NMR spectroscopic studies of 73-75 in solution 
indicated that at low temperature (—50°C) two distinctly different species 
are present. One has been attributed to structure (A), Fig. 19, as was 
established for 73 in the solid state, and the other to the isomeric structure 
(B), Fig. 19. The respective resonance patterns observed in the 'H and ,3 C 
NMR spectra could be assigned on the basis of the observed 
l J( ll9 Sn— 13 C), 2 J( U9 Sn—*H) and 3 J( 119 Sn— l H) values. On the basis of 
these values, an enhanced 5 -electron participation in the C ipt0 — Sn— C itM> 
bonds in structure (A) and the linear C ipM —Sn— C(R) bonds in structure 
(B) was proposed. It is well established that in diorganotin compounds in 
which the tin atom has an octahedral coordination geometry, the trans- 
carbon atoms are bound to tin via sp-like orbitals at the tin center (39). At 
higher temperatures, a process becomes operative at the NMR time scale 
resulting in a fast interconversion between isomers (A) and (B). Such a 
stereoisomerization (Bailar twist), visualized in Fig. 20, is known for octa¬ 
hedral arrangements and proceeds via a trigonal prismatic transition state 
(131). 

Alternatively the structures of 73-75 can also be seen as trigonal bipy- 
ramidal, with the carbon ligands at the equatorial sites, which undergo 
intramolecular nucleophilic attack at the tin atom by the noncoordinated 
nitrogen atom at the equatorial C—C edge opposite the methyl group. 
Recent ab initio calculations of related tin compounds have shown that 
such processes represent a lower energy reaction path. 

It should be noted here that in isostructural silicon compounds, i.e., 
bis[8-(dimethylamino)-l-naphthyl]silicon dihydrides, difluorides, and hy¬ 
dride fluorides, the tetrahedral configuration at silicon is largely preserved. 
The hexacoordination at silicon can be seen best as that of a bicapped 
tetrahedron resulting from a twofold nucleophilic coordination (56). 
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4. Triorganotin Halides Containing Other C, Y-Chelating Ligands 

Although triorganotin halides containing a C,Y-chelating ligand in 
which Y = nitrogen atom containing substituents were the most inten¬ 
sively studied, compounds containing other heteroatom-containing substit¬ 
uents have also been reported. These substituents comprise: tertiary phos¬ 
phine, 76 -79; phosphine oxyde, 80-85; carbonyl, 86-93; and sulfoxyde, 
94-95 (see Fig. 21). Representative examples for which the structure in the 
solid state was established by X-ray crystallographic studies are 79 (132), 
83 (133), 84 (134), 85 (135), 90-93 (136), 94, and 95 (137), while for the 
other compounds 76-78 (138), 80-82 (133), and 86-89 (139,140), the 
structure was established on the basis of IR and Mossbauer spectroscopic 
studies. Like in the triorganotin halides containing a C,N-chelating ligand, 
also in these compounds the tin atom has a trigonal bipyramidal coordina¬ 
tion geometry, as schematically shown in Fig. 21, with the three carbon 
atoms at equatorial positions and the more electronegative halogen and 
heteroatom at axial sites. 



Cl Br Cl Cl 

76, R = R’ = Ph 80, X = Cl, R = Me, R' = OEt 84 85 

77, R = R' = cycio-C 6 H,, 81, X = Cl, R = t-Bu, R' = OEt 

78, R = R’ = n-Bu 82, X = Cl, R = R' = t-Bu 

79, R = Ph, R’ = t-Bu 83, X = Br, R = Ph, R' = t-Bu 


R 



86, R = Me 88, R = Me 90,X = F 94, X = Cl 

87, R = Ph 89, R = Ph 91,X = C1 95, X = Br 

92, X = Br 

93, X = I 

Fig. 21. Triorganotin halides containing an intramolecular coordinating phosphine, 
phosphine oxide, carbonyl, or sulfoxide ligand. 
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That the structures as found in the solid state are largely retained in 
solution could be concluded from 'H, 13 C, and 119 Sn NMR spectroscopic 
studies. The Sn—P coordination in 76-79 is relatively weak as could be 
concluded from the observation that intermolecular coordination of exter¬ 
nal donor molecules like pyridine, HMPT, and DMF could compete with 
intramolecular Sn—P coordination (132). In contrast, intramolecular 
Sn—O coordination in the compounds with phosphine oxide ligands 
80-85 appeared inert under these conditions. 

Also in compounds 86-89, intramolecular Sn—O coordination is rela¬ 
tively weak as was shown by replacement of the intramolecular coordinat¬ 
ing oxygen atom by external ligands like pyridine (139,140). 

A rather exotic example of a triorganotin compound in which penta- 
coordinate tin centers are proposed as a result of intramolecular coordina¬ 
tion is the product 97, obtained from the hydrolysis reaction of the ester-tin 
compound 96. For the latter compound, the presence of a pentacoordinate 
tin center as a result of intramolecular Sn—O (carboxyl) coordination was 
proposed (Ml): 



ch 2 cooh 

96 97 


Nice examples of intramolecular Sn—O coordination are the six-mem- 
bered carbocyclic tin compounds 98-100; see Fig. 22 (142). The 1,3-diax- 
ial conformation of these compounds is stabilized by the intramolecular 
Sn—O interaction. 



98 99 100 

Fig. 22. Stabilization of 1,3-diaxial conformation in carbocyclic triorganotin chlorides by 
intramolecular O—Sn coordination. 
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In contrast, the corresponding trimethyltin derivatives (tetraorganotin 
compounds that lack O—Sn coordination) exist predominantly as diequa- 
torial conformers, e.g., 101 in 



As a result of the fixed geometry in, for example, 100, the olefinic bond 
could be osmylated with very high stereoselectivity, in contrast to the 
corresponding trimethyltin derivative; see Eq. (12). 

5. The Inversion of Configuration Process at Tin Centers Having a Trigonal 

Bipyramidal Coordination Geometry 

It was recognized long ago that the tin center in triorganotin halides is 
configurationally unstable, which makes the separation of chiral triorgano¬ 
tin halides into its enantiomers impossible [see Ref. (123) and references 
cited therein]. 

For simple triorganotin halides it has been established that the rate of the 
inversion process is accelerated if external nucleophiles, e.g., pyridine, are 
present (123). Based on the fact that the inversion process is second order 
in nucleophile, two possible mechanisms have been proposed: (i) addition 
of a nucleophile to the metal center, followed by addition of a second 
nucleophile and displacement of the halogen atom giving the achiral tran¬ 
sition state (A) (see Fig. 23) or (ii) addition of two nucleophiles without loss 
of the halogen atom to give the achiral transition state (B), Fig. 23 (123). 

For triorganotin halides containing a C,Y-chelating ligand, a different 
situation arises. It is obvious that triorganotin halides, containing a 
C,Y-chelating ligand, in which the heteroatom-containing substituent is 
already coordinated to the tin center, can never attain one of the transi¬ 
tion-state structures (A) or (B), Fig. 23. This could explain why the configu¬ 
rational stability of triorganotin halides containing such a ligand is in- 
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Cl 

2 C—Sr 1 ' 


iV 


du 

^1 L 


^IJ 


(A) (B) (C) 

Fig. 23. Transition states (A) and (B) proposed for the inversion of configuration at tin. 


creased to such an extent (114). It has been suggested that an alternative 
dimerization process may occur in solution, giving rise to structures shown 
schematically in Fig. 23C (114). 

As has been mentioned before, the configurational stability of the tin 
center in pentacoordinate triorganotin halides is enhanced considerably by 
the formation of a five-membered chelate ring, but inversion of configura¬ 
tion at the tin center does occur at the laboratory time scale, as was shown 
for chiral {2-[(dimethylamino)methyl]phenyl}methylphenyltin bromide 
41b (114,116), vide supra. Therefore, it is most likely that this process 
proceeds via an intermediate, probably (A) or (B) in Fig. 23, in which the 
potentially intramolecular coordinating group is not coordinated to the tin 
center. As it was shown that the epimerization process at the tin center 
already occurs at low temperature, i.e., when Sn—N coordination is inert 
at the NMR time scale, it must be assumed that an infinite small popula¬ 
tion of the dissociated form is present. That at higher temperatures also, 
i.e., when a process involving Sn—N dissociation/association becomes fast 
on the NMR time scale, the population of the dissociated form is infinitely 
small was concluded from the observed temperature-independent ll9 Sn 
chemical shift values (94). Further evidence for such a process is the 
observation that the Sn center in triorganotin halides containing a six- 
membered chelate ring is configurationally less stable (118), indicating an 
increased population of the dissociated form. The latter conclusion is 
supported by the observation of temperature dependence of the 119 Sn 
chemical shift values for this type of compound (94). 

Alternatively, inversion of configuration at the pentacoordinate tin 
center involving a Berry pseudorotation mechanism seems to be energeti¬ 
cally unfavorable in view of (i) the strong site preference of the electronega¬ 
tive halogen and nitrogen atoms for axial positions (143) and (ii) the 
geometric constraints of the five-membered chelate ring. 
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6. Structural Correlation ofTriorganotin Halides Containing a C,Y-Chelating 

Ligand 

Previously, Britton and Dunitz (113) and van Koten el al. (114) recog¬ 
nized that the axial arrangement of substituents X and Y in pentacoordi- 
nate triorganotin compounds of general formula C 3 SnXY can be seen as a 
“snapshot” of a Sn 2 pathway for substitution with inversion at tetrahedral 
tin. Britton and Dunitz have correlated the structural features of about 50 
of these triorganotin compounds. Two correlations were found: As the 
Sn—Y distance d y becomes shorter, the Sn—X distance d x tends to 
become longer and the average X—Sn—C angles tend to become smaller. 

A theoretical curve showing these bond distance variations could be 
deduced using the simple relationship between bond length and bond order 
proposed by Pauling (144), where d(n) is the bond length, d( 1) is the single 
bond length, and c depends on the type of bond: 

Ad(ri) = d(n) — d( 1) = — clog n (13) 

The value of c for any particular Sn(IV) ensemble could be obtained 
from 

X« = 210-^ = 4 (14) 

by assuming that the sum of the bond orders is constant. 

The second correlation, between distance and angle, can be expressed in 
terms of the average C—Sn—X angle (aj. For the dependence of bond 
order on bond angle, Burgi (145) proposed 

n x = (l -3coscO/2 (15a) 

n y = (1 + 3 cos a x )/2 (15b) 

so that n x = 1 when a x is the tetrahedral angle and n x = \ when a x is 90°. 

It is remarkable that the experimental data of the structures investigated 
by Britton and Dunitz fit so well with the calculated values using these 
simple models. 

In Table I, the experimental data, obtained from X-ray crystal structure 
determinations of all trioiganotin halides known so far in which the tin 
atom has a trigonal bipyramidal coordination geometry as a result of 
intramolecular coordination, are compiled (also the data for pentacoor- 
dinate tetraorganotin compounds are included). Figure 24 shows the inter¬ 
dependence of the derived Ad x and Ad y values of these compounds, while 
in Fig. 25, the interdependence of the Ad values and the averaged 
C—Sn—X (a x ) and C—Sn—Y (a y ) angles are given. The experimental 
data fit the theoretically deduced curves very well, the only exceptions 
being the a x and a y values of 62 and the a y value of 35. Probably this is a 
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TABLE I 

Structural Features of Tetraorganotin Compounds and Triorganotin Halides 
Having a Trigonal Bipyramidal Coordination Geometry as a Result of 
Intramolecular Coordination . 0 


Compound 

Sn—Y 

Sn—X 

My 

A dx 

C—Sn—Y» 

C—Sn—X' 

40c 

2.511 (Sn—N) 

2.630 (Sn—Br) 

0.53 

0.18 

84.9 

95.1 

41b 

2.476 (Sn—N) 

2.683 (Sn-Br) 

0.50 

0.23 

86.7 

93.7 

44b 

2.552 (Sn—N) 

2.673 (Sn-Br) 

0.57 

0.22 

86.8 

94.2 

47b 

2.492 (Sn—N) 

2.663 (Sn—Br) 

0.51 

0.21 

84.8 

95.3 

49 

2.496 (Sn—N) 

2.667 (Sn-Br) 

0.52 

0.22 

85.3 

95.0 

54 

2.401 (Sn—N) 

2.739 (Sn-Br) 

0.42 

0.29 

88.3 

91.7 

56 

2.414 (Sn—N) 

2.678 (Sn-Br) 

0.43 

0.23 

85.0 

94.9 

57a 

2.560 (Sn—N) 

2.445 (SN—Q) 

0.58 

0.16 

82.7 

97.0 

57b 

2.674 (Sn—N) 

2.433 (Sn—Q) 

0.69 

0.15 

81.8 

98.5 

60 (AY 

2.55 (Sn—N) 

2.641 (Sn—Br) 

0.57 

0.19 

85.3 

95.3 

60 (B Y 

2.55 (Sn—N) 

2.630 (Sn-Br) 

0.57 

0.18 

85.2 

95.2 

62 

2.372 (SN—N) 

2.613 (Sn—Q) 

0.39 

0.32 

80.5 

99.5 

64 

2.448 (Sn—N) 

2.560 (Sn—Cl) 

0.47 

0.27 

86.3 

93.7 

83 

2.324 (Sn-O) 

2.684 (Sn—Br) 

0.42 

0.23 

85.7 

94.4 

85 

2.371 (Sn-O) 

2.518 (Sn—Q) 

0.47 

0.23 

86.7 

93.3 

90 

2.52 (Sn-O) 

1.974 (Sn—F) 

0.62 

0.14 

83.4 

96.8 

91 

2.470 (Sn-O) 

2.432 (Sn—Q) 

0.57 

0.14 

81.2 

98.8 

92 

2.470 (Sn-O) 

2.588 (Sn—Br) 

0.57 

0.14 

80.8 

99.2 

93 

2.391 (Sn-O) 

2.830 (Sn—I) 

0.49 

0.14 

81.1 

98.9 

94 

2.301 (Sn 2 —O) 

2.572 (Sn 2 —a,) 

0.40 

0.28 

89.3 

90.7 


2.925 (Sn,-Cl,) 

2.478 (Sn 2 —a 2 ) 

0.63 

0.18 

82.7 

97.3 

95 

2.287 (Sn 2 —O) 

2.748 (Sn 2 —Br,) 

0.39 

0.30 

89.5 

90.5 


3.065 (Sn,—Br,) 

2.626 (Sn—Br 2 ) 

0.62 

0.18 

83.7 

96.3 

98 

2.720 (Sn-O) 

2.438 (Sn—Q) 

0.82 

0.15 

81.9 

98.2 

18' 

2.841 (Sn—N) 

2.183 (Sn—Q 

0.86 

0.08 

76.5 

103.8 

27' 

2.884 (Sn—N) 

2.183 (Sn—C) 

0.78 

0.08 

78.4 

102.1 

30' 

2.781 (Sn-O) 

2.150 (Sn—C) 

0.88 

0.05 

74.7 

105.4 

31' 

2.770 (Sn—O) 

2.190 (Sn—C) 

0.87 

0.09 

77.0 

104.0 

35' 

2.624 (Sn—N) 

2.214 (Sn—Q 

0.64 

0.11 

74.7 

105.2 

39' (AY 

2.931 (Sn—N) 

2.212 (Sn—C) 

0.95 

0.11 

74.7 

106.0 

39'(B Y 

2.885 (Sn—N) 

2.212 (Sn—C) 

0.91 

0.11 

73.4 

107.1 


° Data of all known structures so far (July 1992). 
b Averaged value of the three C—Sn—Y angles. 

' Averaged value of the three C—Sn—X angles. 
d Two molecules in the asymmetric unit. 

' Tetraorganotin compounds. 
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Ad x 

Fig. 24. Ad x vs A d, for the triorganotin halides (+) and tetraorganotin compounds (A) 
having a trigonal bipyramidal arrangement at the tin center as a result of intramolecular 
coordination. The curve shows the bond order conservation function 10“^ C + lO 4 ^ = 1, 
with c = 1.20 A. 


-70 


5 -80 
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-90 

i -100 

o 

-110 

0.2 0.4 0.6 0.8 1.0 1.2 

M 

Fig. 25. C—Sn—X (a x ) and C—Sn—Y (o y ) vs A d x and A d y for the triorganotin halides 
(+) and tetraorganotin compounds (A) having a trigonal bipyramidal arrangement at the tin 
center as a result of intramolecular coordination. The curve gives the combination of Eqs. 
(13), (14), and (15) with c= 1.20 A. 
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02, R = H, R' = OMe, X = Cl 105 

03,R = H,R' = NH 2 ,X = C1 
04, R = COOEt, R’ = OEt, X = Br 


Fig. 26. Diorganotin dihalides having an octahedral arrangement at the tin atom. 


consequence of the prefixed geometry of the tris-anionic tetradentate lig¬ 
and present in these compounds, causing extremely short intramolecular 
Sn—N distances (see Table I). It is remarkable that the data for the 
pentacoordinate Iclra-organotin compounds 18, 27, 30, 31, 35, and 39 in 
which a carbon atom is in trans-position with respect to the intramolecular 
coordinating heteroatom fit so well. 


E. Diorganotin Dihalides Containing a C,Y-Chelating Ligand 
1. Compounds Having an Octahedral Arrangement at the Tin Atom 

The structures of diorganotin dihalides containing two C,Y-chelating 
ligands are given schematically in Fig. 26. The structures of compounds 
102,103 (146), 104 (147), and 105 (148) were unambiguously proven by 
X-ray crystal structure determinations. The tin centra have a distorted 
octahedral coordination geometry, with the two carbon ligands in trans- po¬ 
sition and both coordinating heteroatoms and the two halogen atoms in 
deposition. 

On the basis of ‘H NMR spectroscopic data for 106 (149) and Moss- 
bauer spectroscopic data for 107 (139), similar structures for these two 
compounds were proposed. 

It is interesting to note that the functionally substituted organotin com¬ 
pounds 102-104 are easily prepared by direct methods starting from tin 
powder and an a,/?-unsaturated carbonyl compound (150). 


R’ 



X 


102-104 
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No catalyst is required for this reaction and it is likely to proceed via a 
solvated chlorostannane intermediate of the type H + SnCl 3 - • 2Et 2 0 (151). 

Addition of dibromine or diiodine to the divalent organotin compound 
bis[8-(dimethylamino)-l-naphthyl]tin(II) affords in a quantitative oxida¬ 
tive-addition reaction bis[8-(dimethylamino)-l-naphthyl]tin dibromide 
108 and diiodide 109, respectively (152) 



X= Br, 108 
X= I, 109 

An X-ray crystal structure determination of 108 revealed an octahedral 
arrangement at the tin center, with the two carbon ligands in trans-position 
and both coordinating nitrogen and bromine atoms in c/j-position. 

Similarly the oxidative addition of diiodine to {2,6-bis[(dimethyl- 
amino)methyl]phenyl}(4-tolyl)tin(II) gives {2,6-bis[(dimethylamino) 
methyl]phenyl}(4-tolyl)tin(IV) diiodide 110 



no 


Its X-ray crystal structure determination showed the tin center to be 
hexacoordinate, with the two carbon ligands, both coordinating nitrogen 
atoms, and both iodine atoms in trans -position (152). 

The formation of a trans-oxidative-addition product in this case con¬ 
trasts with the formation of a w-oxidative-addition product when diiodine 
is reacted with {2,6-bis[(dimethylamino)methyl]phenyl}(4-methylphenyl) 
platinum(II). It has been argued that in the latter case, trans-oxidative-ad- 
dition cannot take place for steric reasons (85). However, it may not be 
excluded that the initial step in the oxidative addition is also the formation 
of a ris-oxidative-addition product, which rapidly rearranges to the more 
stable trans-product 110. 

X-ray crystal structure determinations of 111 and 112, schematically 
shown in Fig. 27, revealed structures in which, as a result of the formation 
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111, X = C1 

112, X = Br 


Fig. 27. Diorganotin dihalides containing one octahedral and trigonal bipyramidal coor¬ 
dinated tin center. 


of two intramolecular halogen bridges and intramolecular coordination of 
the oxygen sulfoxide atom, one of the tin atoms has a trigonal bipyramidal 
and the other tin atom an octahedral coordination geometry (137). 

Finally, the disproportionation reaction of the triorganotin chloride 70 
into the novel diorganotin dichloride 113 has been reported. On the basis 
of its ‘H and 13 C NMR spectra, an octahedral coordination geometry has 
been proposed, schematically shown in Eq. (19) 



70 113 


for the tin atom that carries trans-carbon ligands (127). 

2. Compounds Having a Trigonal Bipyramidal Arrangement at the Tin Atom 

X-ray crystal structure determinations of 114-116, cf. Fig. 28, have 
shown that in the solid state the tin atom in these compounds has a 
trigonal bipyramidal coordination geometry, with the two carbon ligands 
and one of the chlorine atoms at equatorial positions, while the other 



114, Y = NMe 

115, Y = 0 
IK, Y = S 


Fig. 28. Diorganotin dihauaes containing a tridentate bis-anionic ligand resulting in a 
trigonal bipyramidal coordination geometry at the tin centers. 
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chlorine atom and the heteroatom occupy the axial sites. Furthermore, the 
solid-state investigations reveal that 114,115, and 116 adopt a boat-chair, 
a chair-chair, and a boat-boat eight-membered ring conformation, re¬ 
spectively (102). In solution, however, a much more complicated situation 
arises because equilibria between these different conformations must be 
considered. A 13 C NMR spectroscopic study of 114-116 showed both 
five-membered rings in each compound symmetry equivalent (at least on 
the NMR time scale), as was indicated by the observation of only one 
resonance for each type of methylene group. 

A series of diorganotin dihalides containing the potentially intramolecu- 
larly coordinating 2-[(dimethylamino)methyl] group have been studied. It 
is well known that the direct alkyl or arylation of tin(IV) halides to 
organotin halides may be achieved with many organometallic reagents 
(MgXR, LiR, NaR, A1R 3 etc.), but that, even when precise reaction stoi¬ 
chiometries are used, a mixture of the three possible halides R B SnX<_„ 
usually results (107). It was shown however, that aryl-copper compounds 
are much more selective arylating agents (153). 

The diorganotin dihalides 117-120 are formed quantitatively starting 
from the parent organocopper compounds (149). 


C 6 H 6 ,SnX 3 R 
25 -C, - CuX 


Because diorganotin dihalides generally are stronger Lewis acids than 
triorganotin halides (39), the intramolecular Sn—N coordination that was 
observed in the corresponding triorganotin halides containing the 2-[(di- 
methylamino)methyl]phenyl group (vide supra) must also be expected to 
occur in 117-120. The observed molecular weight data in solution (117— 
120 are monomers) exclude the possibility of intermolecular Sn—halogen 
coordination (143). On this basis, the Sn atom in 117-120 is pentacoor- 
dinate. Additional evidence for pentacoordinate tin centers in these com¬ 
pounds are (i) the observed absolute 119 Sn NMR chemical shift values (vide 
infra) and (ii) the magnitude of the 2 J( u9 Sn—'H) coupling constants of 
about 80 Hz for the methyltin derivatives 117, 118, and 120. A trigonal 
bipyramidal coordination geometry at tin in which the aryl and R groups 
reside in the equatorial plane is most likely. The bite of the 
C 6 H 4 CH(Z)NMe 2 -2 ligand dictates that the amino ligand will occupy an 
axial position, leaving one equatorial and one axial position for the two 
halogen atoms as schematically shown in Eq. (20). 




117; Z = H, R = Me, X = Cl 

118; Z = H, R = Me, X = Br 

119; Z = H, R = Ph, X = C1 

120; Z = Me, R = Me, X = Br 


(20) 
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The occurrence of intramolecular Sn—N coordination has been unam¬ 
biguously deduced from the observation that the ‘H NMR spectrum of the 
C-chiral compound SnBr 2 Me[C 6 H 4 CH(Me)NMe 2 -(5)-2], 120, at 25 °C 
shows two resonances for the NMe 2 group. The NMe 2 methyl groups are 
only diastereotopic when the nitrogen center is a stable pyramidal assem¬ 
bly. This will only be the case when inversion of configuration is blocked 
by Sn—N coordination. 

Since the diorganotin dihalide, SnBr 2 Me[C 6 H 4 CH(Me)NMe 2 -(5')-2] 
120, contains two chiral centers, in principle two different diastereoisomers 
should exist (Fig. 29). The configuration of the chiral benzylic carbon atom 
is fixed (5), the configuration of the chiral tin center may be either (S) 
or (R). 

The observation of only one resonance pattern in the 1 H NMR spectrum 
of 120 over the whole temperature range studied (—80 to 100°C) may be 
caused by two reasons: (i) the energy difference between these two dia¬ 
stereoisomers is so large that in solution only one of them is present or (ii) a 
process is operative that results in inversion of configuration at tin, which 
is fast on the NMR time scale, even at very low temperature. It is most 
likely that the latter process is operative, since single resonances are also 
observed for the NCH 2 group, as well as for the Me resonances of the 
NMe 2 group in the 1 H NMR spectra of 117-119, evidently, as the result of 
the same process. If the Sn center in 117-119 would be configurational 
stable, an AB pattern for the NCH 2 group and two resonances for the 
NMe 2 group would be expected. It has been proposed that a mechanism 
resulting in inversion of configuration at the tin center in these compounds 
takes place in an achiral dimeric intermediate with hexacoordinate tin 
centers (Fig. 30) {114). 

Additional evidence for such an intermediate was obtained from 1 H 
NMR studies of a mixture of the diorganotin dichloride, 117, and the 
diorganotin dibromide, 118. The *H NMR spectrum of a mixture of 117 
and 118 in toluene-t/ 8 shows only one resonance pattern, of which the 
Sn—Me resonance appears at 0.90 ppm, a value in between those of the 
pure compounds, 0.80 and 1.00 ppm, respectively. Below — 80 °C, the 



Br Br 

(S)c-(%n We-Wsn 

Fig. 29. The two possible diastereoisomers of 120. 



284 JOHANN JASTRZEBSKI AND GERARD VAN KOTEN 



Fig. 30. Proposed mechanism for the inversion of configuration at tin in pentacoordi- 
nate-diorganotin dihalides. 


Sn—Me resonance splits up into two resonances at positions of the pure 
compounds. Moreover, at this temperature the NMe 2 and NCH 2 reso¬ 
nances start to split up, which indicates that under these conditions the tin 
center is becoming configurationally stable on the NMR time scale. 

In view of the well-documented tendency of diorganotin dihalides to 
form complexes in which the tin center has an octahedral coordination 
geometry (39,107), an 'H and n9 Sn NMR study of compounds 118-120 
in the presence of donor molecules was carried out (94). 

When half an equivalent of pyridine is added to a toluene-^* solution of 
one of the diorganotin dihalides 118-120, the l H NMR spectra at 25°C 
remain unchanged as compared to those of the pure diorganotin dihalides. 
However, at — 40 °C the ‘H NMR spectra of these solutions show the 
presence of two resonance patterns in a one-to-one ratio; one pattern is 
identical to that of the original pentacoordinate diorganotin dihalide while 
the second resonance pattern has been ascribed to the pyridine adduct 
(118a, 119a and 120a, respectively) of the corresponding diorganotin diha¬ 
lide. 

From these observations it was concluded that in solution in the pres¬ 
ence of pyridine the diorganotin dihalides 118-120 are in equilibrium 
with their respective pyridine adducts. At room temperature the equilib¬ 
rium lies completely to the side of the pentacoordinate species, while at 
—40 °C, this equilibrium has shifted completely to the side of a hexacoor- 
dinate pyridine adduct, for which the structure is schematically shown in 
Eq. (21). 



118a-120a 
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The tin center in these pyridine adducts 118a-120a is hexacoordinate, 
which is not the result of a simple ligand displacement of the intramolecu- 
larly coordinating amino substituent by a pyridine molecule. This is re¬ 
flected by the observation of two resonances for the NMe 2 group in the *H 
NMR spectrum of C-chiral SnBr 2 Me[C 6 H 4 CH(Me)NMe 2 -(S)-2], 118a, 
indicating that coordination of the amino substituent to tin is inert on the 
NMR time scale (vide supra). 

Further evidence for hexacoordinate tin in 118a-120a is the increase in 
the value of the 2 J( 117,,19 Sn—'H) from approximately 78 Hz in the meth- 
yltin compounds 118 and 120 to about 105 Hz in 118a and 120a. This 
increase in coupling constant is indicative for an increase in the coordina¬ 
tion number at tin (143). The u9 Sn NMR spectra of the pyridine adducts 
118a- 120a show a 150 ppm shift to higher field compared to the values of 
118-120 (94). This high-field shift is also indicative of an increase in the 
coordination number at tin (93). Furthermore the observed absolute n9 Sn 
chemical shift values obtained for 118a-120a (—293.8, —339.7, and 
—290.5 ppm, respectively) are in the same range as that observed for other 
diorganotin dihalides, for which hexacoordination at tin was established 
independently (vide supra). 

Although in principle the pyridine adducts 118a-120a can exist as 
various geometrically different isomers, those isomers having a ct's-geome- 
try of the two organic groups can be excluded. (It has been well established 
that the two organic groups in R 2 SnX 2 -2L complexes are invariably, to 
date, anyway trans.) The two halide and the two donor molecules, how¬ 
ever, can adopt either cis- or trans-configuration [see Ref. (39) and refer¬ 
ences cited therein], thus leaving three possible different geometrical 
isomers A-C, which are shown schematically in Fig. 31. 

As has been outlined above, in structures A and B the two organic 
groups are in trans-position, while both coordinating nitrogen atoms and 
both halogen atoms have a ds-arrangement. In structure C, the two nitro¬ 
gen atoms, and as a consequence the two halogen atoms, are in trans-posi¬ 
tion. 


z 



A 




Fig. 3 1. The three possible different geometrical isomers of 118a- 120a. 
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Based on *H NMR spectra of 118a-120a, structure A or B (if Z = H, 
118a and 119a, A and B are identical; see Fig. 31) seems to be most likely 
for these complexes. When the *H NMR spectra of these pyridine adducts 
are compared with those of 118-120, it appeared that major changes in 
chemical shift have occurred for the protons present in the CH(Z)NMe 2 
substituent, as well as for those in the Me—Sn group in 118a and 120a. 
Most likely these changes in chemical shift are caused by the anisotropy of 
the pyridine ring, present in ris-position with respect to both the substi¬ 
tuted phenyl group and the Me—Sn group, (cf. Fig. 31A and 3IB). This is 
furthermore supported by the observation that the chemical shift values of 
the H 6 protons in 118a-120a are almost identical to those in 118-120. A 
pyridine group present in trans -position with respect to the coordinating 
CH(Z)NMe 2 group, cf. Fig. 31C, would have had a major effect on the 
chemical shift of the H 6 proton, while it would have little effect on the 
chemical shift values of the protons in the CH(Z)NMe 2 substituent. Based 
on the observed *H NMR data of 120 and 120a, it is not possible to 
conclude which structure, A or B, is correct for 120a; however, for steric 
reasons structure B seems to be more likely. 


F. Monoorganotin Halides Containing a C,Y-Chelating Ligand 

Only a few examples of monoorganotin trihalides in which a 
C,Y-chelating ligand is present are known. Because of their importance as 
precursors for PVC stabilizers, some structural investigations on ester—tin 
trihalides have been carried out. 

X-ray crystal structure determinations of 121 (146), 123 (154), and 128 
(155) show that the tin centers in these compounds have a trigonal bipy- 



121, R = Me 125, R = C 6 H 4 CI-4 128 129 

122, R = Et 126, R = C 6 H 4 OMe-2 

123, R = i-Pr 127, R = C 6 H 3 Cl 2 -2,4 

124, R = C 6 H 5 

Fig. 32. Monoorganotin halides containing a C,Y-chelating ligand. 
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ramidal coordination geometry as a result of intramolecular coordination 
of the carbonyl oxygen atom (cf. Fig. 32). On the basis of IR spectroscopic 
studies of 122 and 124-127, a similar structure was proposed (154). These 
compounds form 1:1 adducts with bidentate donor molecules like bipyri¬ 
dine; i.e., in these complexes, intramolecular Sn—O coordination is no 
longer present. However, with monodentate ligands like pyridine, an equi¬ 
librium exists between a 1:1 adduct, in which intramolecular coordination 
is still present, and a 1:2 adduct (154,155). Furthermore it was shown that 
Sn—O coordination in the compounds in which a five-membered chelate 
ring is present (121-127) is much stronger than that in 128 in which a 
six-membered chelate ring is present. 

In the thioether compound 129, Sn—S coordination was established on 
the basis of a temperature-dependent lineshape analysis of the ‘H NMR 
resonances of the diastereotopic SEt group (156). 

Wade et al. have found that ketaminotin trihalides SnX 3 N=CR 2 spon¬ 
taneously rearrange to form a product in which a tin—carbon bond is 
formed. 


R R 



130, R = Me, X = Cl 

131, R = H ,X = C1 

132, R = Cl, X = Cl 

133, R = H , C = Br 


In fact, this was the first example of an orthometallation reaction in 
organotin chemistry (157). 

In this way, compounds 130-133 were prepared. An X-ray crystal 
structure determination of 130 showed that the tin center has a distorted 
trigonal-bipyramidal coordination geometry as a result of intramolecular 
Sn—N coordination. On the basis of similarities in their IR and Moss- 
bauer spectroscopic data, comparable structures for 131-133 have been 
proposed. 



288 


JOHANN JASTRZEBSKI AND GERARD VAN KOTEN 


As an extension of this work, the same authors recently reported the 
direct orthometallation of several SchifFs bases according to (158): 



134, R = Ph, R' = Me 

135, R = Ph, R' = Ph 

136, R = H , R' = Ph 

137, R = H , R’ = t-Bu 

An X-ray crystal structure determination of 134 showed that these 
compounds have structural features that are comparable to those of 130. 

IV 

CONCLUDING REMARKS 

It has been shown that C,Y-chelating ligands can stabilize divalent or- 
ganotin compounds to such an extent that these compounds can be iso¬ 
lated as well-defined monomeric species. It is very likely that as result of 
intramolecular coordination, the tin atom is shielded in such a way that 
polymerization is prevented. Application of bis-orthochelating aryldi- 
amine ligands allowed the synthesis of stable mixed diaryltin(II) com¬ 
pounds. 

Despite the low Lewis acidity of the tin atom in tetraorganotin com¬ 
pounds, it has been demonstrated that by making use of rigid or cage-like 
C,Y-chelating ligands, it is possible to enforce coordination of the heteroat¬ 
oms to tin, resulting in penta- or even hexacoordinate tin. This enforced 
coordination has been proposed to be responsible for the changes in the 
reactivity sequence observed in halodemetallation reactions of mixed tetra¬ 
organotin compounds, in which potentially coordinating groups (Y) are 
present in the y-position with respect to the tin. It is thought that intramo¬ 
lecular assistance by those groups facilitates the cleavage of tin—carbon 
bonds trans to them: 




(24) 
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It is anticipated that this concept of intramolecular assistance by hetero- 
atom-tin coordination will be shown to be extremely useful in reactions 
comprising metal-mediated group transfer from tin to an organic substrate 
by C—C bond formation (111,112). In this context similar reactivity of 
tetraorganosilicon compounds with intramolecular heteroatom coordina¬ 
tion can be expected. 

In triorganotin halides containing a C,Y-chelating ligand, normally the 
tin atom has a trigonal bipyramidal coordination geometry, as a result of 
intramolecular coordination. The carbon ligands are at the equatorial sites, 
while the more electronegative halogen atom and the coordinating hetero- 
atom reside at axial positions. This class of compounds are excellent model 
compounds for a study of the inversion process at the tin atom and chiral 
triorganotin halides. Our study on triorganotin halides containing the 
C,N-chelating 2-[(dimethylamino)methyl]phenyl ligand was the first exam¬ 
ple in which this was demonstrated (54). In triorganotin halides containing 
two potentially coordinating heteroatoms either halogen displacement 
occurs, resulting in the formation of pentacoordinate triorganostannonium 
cations, or a species is formed in which the coordination geometry of the 
tin atom may be regarded as distorted octahedral. 

In diorganotin dihalides, the tin atom may be either pentacoordinate or 
hexacoordinate, depending on the number (one or two) of C,Y-chelating 
ligands present in the molecule. Furthermore, it was shown that in com¬ 
pounds in which only one C,Y-chelating ligand is present, in solution, 
when additional donor ligands are present, a temperature-dependent equi¬ 
librium exists between penta- and hexacoordinate species. In hexacoordi¬ 
nate species, the carbon ligands are always in trans-position of an octahe¬ 
dral arrangement. 

The tin atom in monoorganotin trihalides in which a C,Y-chelating 
ligand is present have a trigonal bipyramidal coordination geometry in the 
solid state. However, in solution when external donor molecules are also 
present, hexacoordinate species may be formed. 
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